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With an ageing population1 we are seeing a rise in many age-related diseases which are having 
long-term health implications for patients and cost implications for our health services2. Age-
related hearing loss is the most common sensory deficit among older adults and can lead to 
decline in well-being and quality of life. A chronic state of raised inflammation in older people 
known as inflammaging3,4 has been linked to many age-related diseases3. Evidence from research 
suggests a link between inflammatory status and hearing thresholds in older people5-7.  

Neopterin is a small inflammatory metabolite that can be monitored in either the blood or 
urine8-10. Neopterin levels reflect immune activation status as neopterin is released from 
monocyte-derived macrophages and dendritic cells following stimulation with the pro-
inflammatory cytokine interferon-γ. Neopterin has been explored as a marker for chronic 
inflammation in several conditions11,12. Most patients will happily give regular urine samples as 
they are non-invasive to collect. Urinary neopterin levels can be measured in a laboratory setting 
using gold-standard HPLC13 which can provide highly accurate quantitative results12. 

A 3-year longitudinal study measuring changes in hearing level and inflammatory profile of 45 
adults (aged 65-75) has been carried out. Urine was collected monthly over 12 months for analysis 
of neopterin concentration. Individuals were stratified into groups depending on how often their 
biomarker was raised during the collection period. Pure Tone Audiometry was performed at 
baseline, after one year, and at the study end.  

Results demonstrate a correlation between raised inflammatory state and greater change in 
hearing levels (r= 0.334, p = 0.027) and when stratified into groups, those with consistently raised 
(more than 50% of the time) inflammatory state, showed a greater deterioration in high-
frequency hearing loss (W (3.000, 19.60) = 9.164, p = 0.0005). We also demonstrate that these 
individuals are more than twice as likely to have other co-morbidities.  

However, for long-term regular monitoring of a patient’s inflammatory state, HPLC is not cost 
or time effective. Therefore, there is a real need for a quick and cost-effective method of 
measuring urinary neopterin levels in patient urine samples long-term. Ideally, the method would 
enable point-of-care measurement that would give a real-time result within the patient 
consultation or at the patient’s home. The technique wouldn’t be required to compete with HPLC 
in terms of quantitative accuracy, but it would need to be sensitive enough to be used as a 
screening-like tool to identify those with consistently raised urinary neopterin levels compared to 



 

 

normative values. The aim is to develop a point-of-care inflammatory monitoring device which 
would allow population screening, leading to identification of those ‘at risk’ of worsening age-
related disease (including hearing loss). With this knowledge, an individual may seek earlier 
intervention or may wish to make lifestyle changes which may reduce their risk. 

Such a technique has been explored utilising the technique of Surface-Enhanced Raman 
Spectroscopy. Raman spectroscopy utilises inelastic light scattering from a sample to identify the 
molecules present within it. By combing the sample with metallic nanostructures extremely large 
enhancement effects are seen which enable detection of molecular information as low as fM 
concentration14. 

One of the difficulties with performing SERS on biofluids is the matrix effect. This research 
demonstrates the simple application of paper chromatography to urine samples, in order to 
achieve separation of the matrix prior to SERS acquisition to further eliminate the matrix effect. 
This research also demonstrates the use of a novel SERS substrate in urine. Colloidal SERS-sensors 
are formed using a layer-by-layer process where the metal nanoparticles are structurally spaced, 
giving control over the SERS enhancement. Results demonstrate improved reproducibility of these 
SERS sensors in comparison to colloidal metal nanoparticles.  

Urine samples were analysed with both SERS and HPLC to validate, and the measured 
concentrations were generally in good agreement (R2 of 0.936 and 0.990 for creatinine and 
neopterin) at physiologically relevant concentrations.  

By having access to a technique that can provide fast but reliable urinary neopterin readings 
we can regularly monitor a cohort of older adults and identify those who are at increased risk of 
worsening age-related hearing loss so that they can be targeted for intervention.  
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Chapter 1 Introduction 

1.1 Ageing, inflammation and immunity 

1.1.1 Age-related disease burden 

The population of the world is ageing. In many respects, this is a triumph for medical, social and 

economic advances, but it also brings with it medical, social and economic challenges. In 2018, 

globally for the first time, the number of people aged over 65 years outnumbered the number of 

children under five years15. At a global level in 2019, approximately 9% of the population are aged 

over 65 years, and this is expected to rise to 12% in 2030, and projected to reach 16% by 205015. It 

is expected that by 2050, there will be 1.5 billion people aged over 65 years worldwide15.The 

number of people aged over 80 years is growing even faster. In 1990, there were just 54 million 

people in the world aged 80 years or over. By 2019, this number had risen to 143 million and is 

projected to reach 426 million in 205015. Whilst individuals are living longer due to increased 

lifespan, most are living many of these years in poor health, as healthspan has not increased to 

the same extent, i.e., the period of life free from serious chronic disease and disability. Therefore, 

population ageing leads to many socioeconomic and public health challenges, particularly the 

increased cost burden of health and social care. 

The prevalence of age-related diseases in older adults is significant. Around 25% of those aged 

over 85 years will have a severe form of visual impairment16, sarcopenia affects around 20% of 

this age group17, and one study showed 52% of 85-year-olds had a diagnosis of osteoarthritis18. 

Sixty-two percent of Americans over 65 years have more than one chronic condition19 and 

prevalence of multiple chronic conditions is rising, and accounts for a large percentage of 

healthcare spending.  

As well as the economic and societal impact, living longer but in poorer health, has personal 

implications too. Older adults are more susceptible to infectious diseases, with an increased 

incidence of urinary tract infections20, influenza21, and community-acquired pneumonia22. The 

severity of infection is usually greater with significantly increased infection-related morbidity and 

mortality rates23,24. Age-associated changes in immune function, termed immunosenescence, are 

thought to underlie this increased incidence and severity of infection25. Inflammaging is a chronic 

low-grade inflammatory state observed in older people and is a consequence of 

immunosenescence although lifestyle factors such as reduced physical activity and increased 

adiposity also play a major role26. Increased systemic inflammation has been associated with 
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greater risk of most age-related conditions27-29, and in poor health, older people accumulate 

diseases, described as multimorbidity. Multimorbidity puts some individuals at greater risk of 

disability and death, as well as depression and social isolation30. This increased vulnerability is 

described as frailty and is believed to be a clinical manifestation of immunosenescence31. 

Inflammaging and measures of inflammaging have been shown to be predictors of frailty32.  

This thesis aims to demonstrate a novel, simple, easy to use point-of-care test that would allow 

individuals who are at greater risk of age-related conditions, due to increased systemic 

inflammation, to be identified. The technique being proposed would enable high-repeat (multiple 

tests of the same patient) testing with low burden to the patient, using urine as a sample rather 

than blood.  

1.1.2 Ageing immune system 

The immune system consists of two components, the innate and the adaptive immune systems. 

The innate immune system is often considered the “first line of defence”.  It is triggered to react 

to injury and infection. The innate response includes physical cellular barriers and the 

participation of circulating and tissue-resident cells including macrophages, neutrophils, dendritic 

cells, natural killer (NK) cells, and microbicidal molecules, such as nitric oxide and superoxide 

anion. The adaptive immune system mounts a slower response but offers longer-lasting, specific 

protection, due to keeping a memory of each pathogen it has encountered and mounting a 

specific response to each. The adaptive immune response mainly involves T and B lymphocytes 

(which mature in the thymus and bone marrow) and their products, cytokines and antibodies, 

respectively. Ageing is known to have a degrading effect on both systems, although the effect of 

ageing on the adaptive system is much better characterised.  

For the innate immune system, the decline seen with age is not universal, with some elements 

seemingly unaffected. Although neutrophil numbers may be increased, there is a significant 

reduction in bactericidal and phagocytic function. This is partly explained by reduced expression 

of CD16 receptors to bind the antibody coating bacterial pathogens33. Ageing also modifies 

macrophage function, including reduced phagocytosis and superoxide function, but the enhanced 

secretion of IL-6 and IL-8 in response to mitogens and lipopolysaccharide. NK cell numbers do not 

alter, but their cytotoxic capacity is reduced. Age-related changes to NK cell function are 

associated with mortality in older adults over 75 years34.  

In the adaptive immune system, fewer naïve T cells are produced by the thymus, meaning the 

proportion of memory T cells increases, as the pool of T cells is maintained at a constant level. 

This means the immune system is less able to deal with new pathogens as it ages. There is also a 
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decrease in the number and proliferative capacity of Th1 cells and increase in memory Th2 cells. 

Increased Th2 cells lead to increased production of IL-10, further suppressing the function of Th1 

cells. The production of antibodies from B cells declines with age; for example, older people 

produce a lower antibody titre in response to vaccination than younger individuals, and the 

antibodies that are produced are usually of lower affinity. This is widely thought to be due to a 

decline in T cell help for B cells, and a reduced vaccination response has been shown to correlate 

with a low clonal expansion of CD4 Th cells in older adults.  

1.1.3 Biomarkers of ageing and inflammaging 

Ageing has an effect on all cells, tissues and organs within the body, and is usually characterised 

by loss of function. There is no current standard for biomarkers of ageing, which makes it difficult 

to compare results between studies on ageing as there is no consensus on biomarkers to be used. 

In recent years, collaborative approaches to produce recommendations of biomarkers have 

begun35. A proposed panel of biomarkers was selected from those which are well established with 

robust supporting evidence for strong associations with ageing phenotypes, and which are likely 

to be practical and cost-effective for use in large-scale studies35.  

Biomarkers of physical capability, such as handgrip strength, gait speed, chair rise time and 

standing balance, are useful markers of current and future health36. Poor performance in such 

tests is associated with higher mortality rates36,37 and are also associated with a higher risk of 

some age-related conditions38.  

Age-related disease and disability have also been associated with cortisol39; abnormal levels have 

been associated with increased blood pressure, impaired glucose metabolism and increased 

incidence of cardiovascular disease and type 2 diabetes in men40.  

Biomarkers of age-related changes in immune function (immunosenescence) are not well 

characterised, as there are few longitudinal studies comparing measures of age-related immune 

function with mortality or age-related disease. The most commonly observed immune markers 

are T-cell phenotype and pro-inflammatory cytokine measurements, however, these do not 

consider innate immune factors. The most widely studied aspect of immunosenescence is the 

age-related increase in systemic inflammatory cytokines (inflammaging)4.  

Research has shown that during the process of inflammaging some serological, cellular and 

genetic markers are elevated41,42. One of the hallmarks of inflammaging is the upregulation of pro-

inflammatory cytokines, and many studies have opted to determine levels of cytokines including 

CRP, TNF-α, IL-1β, and IL-627,42-44. Higher plasma concentrations of IL-6 and TNF-α are associated 
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with altered measures of physical capability, such as lower grip strength and gait speed in older 

adults45. 

Cytokines are produced predominantly by immune cells but also by epithelial cells and fibroblasts. 

Monitoring the upregulation of cytokines as a determinant of immune activation has a few 

drawbacks. Cytokines may exert their action locally and may not be available to be assayed in 

circulation46. Secondly, cytokines are biologically labile and liable to rapidly bind to ligands on 

target cells which may render them immeasurable46. Finally, binding of cytokines to target cells 

and membrane receptors, and their interaction with other cytokines may modify their effect46. 

Fuchs et al. have suggested that an alternative is to monitor levels of stable inflammatory 

metabolites produced or induced by cytokines, neopterin is an example46. 

Neopterin is a metabolite of guanosine triphosphate (GTP). The biosynthetic pathway of 

neopterin is shown in figure 1.1. The enzyme GTP-cyclohydrolase I promotes the cleavage of GTP 

to form 7,8-dihydroneopterin triphosphate. In human epithelial cells, fibroblasts and lower 

animals, 7,8-dihydroneopterin is further broken down by 6-pyruvol-tetrahydrobiopterin synthase 

to form 5,6,7,8-tetrahydrobiopterin (Biopterin). However, due to the deficiency of 6-pyruvol-

tetrahydrobiopterinsynthase in human monocytes/macrophages, the intermediate product 7,8-

dihydroneopterin triphosphate is converted by phosphatases to 7,8-dihydroneopterin and 

oxidised to neopterin47, making monocytes/macrophages the only true source of neopterin in 

humans. 

 
Figure 1.1 Biosynthetic pathway of neopterin and chemical structure of neopterin. 

During cellular immune responses, activated T-cells release interferon-γ which in 

human macrophages and dendritic cells stimulates the enzyme GTP-cyclohydrolase 
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(GCH-I). GCH-I cleaves GTP to form 7,8-dihydroneopterin triphosphate. Because of a 

relative deficiency of the 6-pyruvoyltetrahydropterin synthase in human 

monocytes/macrophages, neopterin and 7,8-dihydroneopterin are formed after 

dephosphorylation and oxidation at the expense of biopterin derivatives. 

 

Neopterin is released in large amounts from human monocyte-derived macrophages and 

dendritic cells preferentially following stimulation with the pro-inflammatory cytokine interferon-

γ, thus reflecting the immune activation status.  This process means that neopterin levels are 

influenced by both the innate and adaptive immune system, with both contributing to 

inflammaging48,49. Neopterin levels in the urine have been found to correlate with serum levels, 

providing renal function is normal50, since neopterin does not undergo breakdown before release 

in urine11. Measuring neopterin in urine provides a non-invasive alternative to serum. Neopterin 

has been explored as a biological marker for inflammation in several conditions, such as Crohn’s 

disease11, systemic lupus erythematosus51, coronary artery disease52, transplant rejection 

monitoring53, ovarian tumours54, psoriasis55, HIV-1 infection56, pulmonary tuberculosis57 and 

periodontitis58.  Studies assessing a cross-sectional population have found raised neopterin levels 

in older people13,46,59. However, these studies are assessing the neopterin level at a single time 

point; only a few studies have assessed neopterin in the elderly and how inflammaging and age-

related diseases are reflected by neopterin production60,61. 

1.1.4 Neopterin measurement 

Neopterin levels can be assayed using validated methodologies in serum, plasma, urine and 

cerebrospinal fluid50. The amount of neopterin in urine is measured as a ratio to the amount of 

creatinine (urinary neopterin to creatinine ratio (UNCR)).  Two percent of the body’s creatine is 

converted to creatinine, resulting in excretion of constant amounts. This property of creatinine 

makes it a useful marker to standardise the concentration of other molecules against allowing for 

state of hydration or physiological variations in urine concentration50,59. Urine creatinine levels 

should remain constant unless there is advanced renal failure affecting more than 50% of 

nephrons. In the case of advanced renal failure, the urinary creatinine levels will decrease, 

resulting in an overestimation of urinary neopterin62. 

High-Performance Liquid Chromatography (HPLC) is the gold-standard method for measuring 

urinary neopterin. In HPLC, a sample is passed through a stationary column, and the individual 

components are separated based on a physical or chemical interaction between the molecules 

and the column. A detector measures the amount of each separated component based on their 
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individual emission wavelengths. Neopterin has an emission wavelength of 438nm and creatinine 

235nm, so therefore both molecules can be separated using the same experimental set-up46,59. 

Using a well-known protocol for quantification of neopterin, the limit of detection was found to 

be 40nmol/L13. Intra- and inter-assay coefficients of variance (CV) for the neopterin/creatinine 

ratio were 4.7% and 5.8% respectively59. To run a single sample through HPLC to get a 

measurement of both neopterin and creatinine (including disinfection/cleaning of the column 

between samples) would take more than one hour12 and at a cost of ~ $10 per sample63. This 

would be expensive in time and money to measure multiple samples, multiple times, for long-

term monitoring and therefore, despite the accuracy and quantitative ability, it is not a viable 

option to use. 

Enzyme-Linked Immunosorbent Assay (ELISA), enables measurement of the target antigen in the 

sample competing with a known amount of antigen for binding sites of a known enzyme-linked 

antibody, producing a colourimetric colour change. A spectrophotometer is used to measure the 

optical density of the coloured solution, and the concentration of neopterin is determined using a 

standard curve derived from known target, neopterin, concentration46,59. 

HPLC and ELISA are time-consuming techniques, can require complex sample preparation, incur 

the cost of expensive reagents and/or involve high instrumental costs. Besides this, these 

techniques also require a trained person with considerable knowledge and expertise to perform 

the tests and evaluate the results. There is a great need for the optimisation and development of 

a novel analytical method for rapid, inexpensive, and on-site detection and monitoring of 

biomolecules in biological fluids64. 

1.2 Age-related hearing loss 

1.2.1 Burden of disease and management 

Age-related hearing loss (ARHL) is a rapidly growing problem in the UK as the population ages. By 

2030 hearing loss will affect 1 in 5 people in the UK and be in the top 10 disease burdens, above 

type 2 diabetes and cataracts65.  People with hearing loss are twice as likely to develop depression 

and are at increased risk of anxiety and other mental health problems66. There is evidence of a 

strong link between hearing loss and the risk of developing dementia67-70. There are known 

associations between hearing loss and diabetes, cardiovascular disease, stroke and obesity71-75. 

Vascular changes that occur with diabetes, cardiovascular disease or obesity may be the link for 

increased risk of ARHL76. 



Chapter 1 

7 

Hearing function is assessed clinically by pure-tone audiometry (PTA). PTA is a measure of the 

quietest sound level an individual can hear at octave frequencies ranging from 250-8000 Hz. 

Hearing level, based on a pure-tone average threshold, is usually described as normal, mild, 

moderate, severe, or profound. Age-related hearing loss typically presents as a bilateral, high-

frequency, sloping, sensorineural loss on an audiogram, and over time extends to include loss at 

lower frequencies. Sensorineural means both the sensory and neural elements of the auditory 

pathway are affected, and presents on the audiogram with little to no threshold difference, 

between air-conducted thresholds and bone-conducted thresholds.   

Currently, there is no way of restoring hearing or slowing down the progression of ARHL. Current 

management for hearing loss is using a hearing aid to improve audibility for the user. However, 

there is a major lack of uptake of, and compliance with the use of, hearing aids in the general 

population77 with current use estimated at lower than 40% of those likely to benefit. A better 

understanding of the biological mechanisms involved in hearing loss may aid development of a 

disease-altering treatment. Equally, being identified as at risk of developing disease would provide 

individuals with opportunity to make lifestyle changes which have been shown to reduce 

inflammaging, and therefore may slow or prevent progression of disease.  

1.2.2 The auditory system 

The auditory system consists of both the peripheral and central auditory systems. The peripheral 

system is comprised of the outer, middle and inner ear. The outer ear consists of the pinna and 

external auditory canal, which acts as a resonator and enhances sound transmission. The middle 

ear comprises the tympanic membrane and ossicles and transforms air vibrations into the fluid-

filled inner ear. The inner ear consists of the cochlea, vestibular system, and the auditory nerve. 

The majority of age-related changes in the auditory system occur in the inner ear and neural 

pathways, which lead to the characteristic sensorineural hearing loss.  

Although hearing loss is incredibly common in the older population, about one-third of older 

individuals do not have a hearing loss 78. Therefore, ARHL is not an inevitability, and the 

occurrence and progression are variable 79. Contributory risk factors for ARHL are thought to be 

physiological degeneration, genetic makeup and environmental insult on the auditory system 80. 

Some of the environmental factors contributing to auditory insult are noise exposure, use of 

ototoxic medications, and lifestyle choices such as smoking 80. However, there is also a body of 

evidence to suggest the underlying biological mechanisms underpin the variability seen between 

individuals. A better understanding of the biological cause of hearing loss will significantly 

improve diagnosis and treatment options for older adults with hearing loss. Furthermore, an 



Chapter 1 

8 

improved understanding of the contributing factors, the effect of these on the auditory system, 

and the biological processes involved need to be better understood.  

1.2.3 Systemic inflammation in the inner ear 

There is evidence that inflammatory processes in the inner ear are responsible for the 

degeneration in function. For example, murine studies into the damage associated with noise 

exposure demonstrate that the induced cochlear damage and hearing loss is due to inflammatory 

processes81,82. Both acute and chronic noise exposure have been found to cause a change in 

expression levels of proinflammatory cytokine TNF-α and IL-1β81 . Additionally, blockade of the 

cytokine IL-6 pathway after noise exposure has been shown to protect against noise induced 

hearing loss and is a potential therapeutic target for various kinds of hearing loss83. The link 

between inflammatory processes being involved in cochlear damage would make the monitoring 

of inflammatory mediators an interesting target for progression of age-related hearing loss.  

As discussed, for long-term monitoring of inflammatory biomarkers, there is a need for an 

extremely low-cost technique that is suitable for repeated point-of-care measurement. Currently, 

a developed technique for monitoring urine samples in this way does not exist, however, there is 

great potential in the technique of Raman spectroscopy.  

1.3 Surface-enhanced Raman spectroscopy (SERS) 

1.3.1 Raman theory and principles 

Raman spectroscopy is a vibrational spectroscopic technique based on the inelastic scattering 

process that occurs when light interacts with a molecule. As a vibrational spectroscopy technique, 

it is complementary to the also well-established infrared spectroscopy and offers non-invasive, 

non-destructive and chemically selective detection for biomedical and diagnostic applications.  

When light is incident on a molecule, it can be absorbed, scattered, or have no interaction with 

the molecule at all. For absorption to occur, the energy of the photons in the incident light must 

closely match the energy gaps between molecular levels in the molecule. When this occurs, a 

photon can be absorbed, and the molecules pass into a higher excited energy level. An emission 

process involves both absorption of a photon and later emittance of a photon after some time, 

depending on the lifetime (τ) of the excited state. This corresponds to the radiative excitation 

energy decay of the molecule, which returns back to the ground state (fluorescence). While UV-

Vis absorption and fluorescence belong to electronic spectroscopies, IR absorption and Raman 

scattering, involve nuclear vibrations and are vibrational spectroscopic methods. 



Chapter 1 

9 

1.3.2 Raman spectroscopy 

Raman spectroscopy relies on inelastic scattering of monochromatic light, usually from a laser in 

the visible, near-infrared or near-ultraviolet range. The laser light interacts with molecular 

vibrations, phonons or other excitations in the system, resulting in the energy of the laser photons 

being shifted up or down. The energy shift gives information about the vibrational modes in the 

system. Infrared spectroscopy deals in the infrared region of the electromagnetic spectrum and is 

the result of absorption of light by vibrating molecules as compared to Raman, which is the 

scattering of light by vibrating molecules. The main difference between the two techniques lies in 

the nature of the molecular transitions taking place. For a transition to be Raman active, there 

must be a change in the polarizability of the molecule during the vibration. This means that the 

electron cloud of the molecule must undergo positional change. On the other hand, for infrared 

detectable transition, the molecules must undergo dipole moment change during vibration. So, 

when a molecule is symmetrical, e.g. O2, no Infrared absorption lines are seen as the molecule 

cannot change its dipole moment.  

 

Figure 1.2 Jablonski energy level diagram illustrating the process of Rayleigh and Raman 

scattering and fluorescence emission from a molecule. 

In the scattering processes, an incident photon causes excitation from a vibrational 

energy level to a virtual state. For Rayleigh scattering, the scattered photon is the 

same energy as the incident photon. For Stokes Raman scattering the scattered 
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photon is lower in energy than the incident photon. For Anti-Stokes Raman scattering 

the scattered photon is higher in energy than the incident photon. In an absorption 

process, a molecule is excited to a higher electronic state before an emission process 

occurs, e.g. fluorescence. 

 

During Raman scattering processes, a photon causes excitation of a molecule into a “virtual” state, 

followed by an almost instantaneous scattering of the photon with either the same energy (elastic 

Rayleigh scattering) or with slightly different energy (inelastic Raman scattering), where some 

energy is either lost or gained from the molecule, as shown in Figure 1.2. The energy difference is 

equal to that between the initial and final state of the molecule. If the final state is higher in 

energy than the initial state (energy lost to the molecule), the scattered photon will be shifted to 

a lower energy (Stokes Raman scattering). If the final state is lower in energy than the initial state 

(energy gained from the molecule), then the scattered photon will be shifted to higher energy 

(anti-Stokes Raman scattering). At room temperature, most molecules are in their ground 

vibrational state (v=0) with a much lower population in the first vibrationally excited state (v=1). 

Since there is a much higher probability (given by the Boltzmann distribution) that the molecule is 

in the ground vibrational state, Stokes Raman scattering is much more likely to occur than Anti-

Stokes Raman scattering. In vibrational spectroscopy, it is common to measure frequencies in 

wavenumber units (waves per unit length) which are reciprocal to wavelength. The energy lost by 

the photons in the scattering events is called the Raman shift and is expressed in wavenumbers 

(cm-1). It corresponds to the wavenumber of the vibrational mode that is involved in the 

scattering event. The position of Raman peaks is a property of the electronic ground state and 

independent of excitation wavelength. In normal Raman scattering, the Raman intensity is directly 

proportional to the concentration of the molecule. 

For a nonlinear molecule composed of N atoms, there exists a maximum 3N-6 internal modes of 

vibration, after subtracting 3 degrees of freedom for translation and 3 for rotation. Each normal 

vibrational mode has its own excitation energy, giving each molecule a unique set of Raman shifts 

or its characteristic Raman spectrum. By analysing the spectrum of scattered light for its 

characteristic shifts, it is possible to identify the scattering molecule. The Raman spectrum 

measured from a bulk material is the sum of Raman scattered photons from all molecules present. 

Therefore, the intensity of the Raman peaks corresponds directly to its concentration, enabling 

the quantification of the scattering molecules. 

The main benefits and drawback of Raman spectroscopy for biomolecular applications have been 

summarised84,85. A big advantage of Raman is that it can be used with solids, liquids and gases, 
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including obtaining Raman spectra of aqueous solutions because H2O is weakly Raman active and 

does not cause interference. This makes Raman spectroscopy very suitable for biological samples 

in their native state. Another advantage is that no sample preparation is needed for Raman, 

whereas infrared sample preparation can be quite laborious. Finally, Raman is considered a non-

destructive technique, which again highlights its suitability for dealing with biological samples. 

Raman spectroscopy, in comparison to other analytical techniques, can give molecularly-specific 

information on a sample in a matter of seconds.  

Disadvantages of Raman spectroscopy include sample heating through the intense laser radiation, 

which can destroy a sample or mask the Raman spectrum. Also, serious problems in Raman occur 

when large background signals from fluorescence from impurities or the sample itself arise. 

However, the biggest disadvantage of Raman spectroscopy is that the Raman effect is inherently 

weak, making it difficult to measure substances present in low concentration. Care must also be 

taken when measuring and differentiating molecules of similar structures. Therefore, when 

dealing with molecules that are weakly Raman active or mixtures of molecules, an enhancement 

process is necessary along with robust validation and verification.   

1.3.3 Surface-enhanced Raman spectroscopy 

Surface-enhanced Raman spectroscopy (SERS) is based on the enormous enhancement of Raman 

scattering of molecules adsorbed on suitable metallic (mainly silver or gold) nanostructures. SERS 

was first reported by Fleischmann et al. in 1974, who observed a 106 enhancement factor of 

Raman signals86. SERS has been shown to provide between 102-1014 enhancement in Raman signal 

intensity87.  

There are two different mechanisms that contribute to the total enhancement; an 

electromagnetic one, based on resonance excitations of surface plasmon in the metal, and a 

chemical (or molecular) one, increasing the polarizability of the molecule88. 

The electromagnetic mechanism is largely considered to be the dominant enhancement factor. It 

occurs due to the unique ability of metallic or plasmonic structures to interact with light and 

cause an excitation of their localised surface plasmon resonance (LSPR) demonstrated in Figure 

1.3. Light interacts with metal nanoparticles, causing their free conduction electron cloud to 

oscillate and excite the surface plasmons inducing a strong evanescent field on the metal surface. 

In aggregated systems, “hot spots” form when two neighbouring nanoparticles are in close 

enough proximity that their LSPRs couple. “Hot spot” formation is heavily dependent on the size 

and shape of the nanoparticle as well as the inter-particle distance and the aggregation of the 

nanoparticles needs to be controlled to ensure reproducible enhancement.   
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The chemical enhancement can be attributed to a charge-transfer between the metal surface and 

the adsorbed molecule, causing a change in the molecule’s polarisability. When a molecule 

becomes adsorbed onto a metal surface, an adsorbate-metal complex is formed, and its highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are 

generally positioned symmetrically about the metal’s Fermi level. This arrangement allows for 

electron transfer between the molecule and the metal to occur at much lower energies than that 

required for the excitation of the molecule itself.  

Overall, at a given wavelength, a SERS spectrum is similar to the standard Raman spectrum, 

although some differences may arise from the wavelength-dependence of the plasmon resonance. 

Due to molecules being adsorbed onto the metallic surface some differences may also be seen 

due to the orientation of the molecules on the surface, the angle of the molecule in respect to the 

surface, the degree of packing and interaction with neighbouring molecules. Therefore, it can be 

difficult to assign bands in a SERS spectrum as the symmetry of the molecule may cause a shift in 

the Raman bands and relative intensities, as well as the appearance of new bands.  

 

 

Figure 1.3 Demonstration of excitation of localised surface plasmon resonance (LSPR) and 

‘hotspot’ formation. 

Interaction of light with a metal (nanoparticle) causes free electrons at the metal 

surface to oscillate collectively and excite the surface plasmons inducing a strong 

evanescent field at the surface – LSPR. When nanoparticles aggregate in close 

enough proximity, their LSPRs couple to form a ‘hotspot’ of enhancement.  

B A 
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1.3.4 Substrates for Surface-enhanced Raman spectroscopy 

1.3.4.1 Metallic nanoparticle colloids 

For SERS enhancement, the simplest substrates are colloidal metal nanoparticles (usually Ag or 

Au) which are formed by the suspension of metallic nanoparticles (NPs) in various shapes and 

diameters. Such Ag or Au colloids can be prepared simply and inexpensively using “wet 

chemistry”, for example, reduction of AgNO3 or HAuCl4 with an appropriate reducing agent such 

as trisodium citrate89.  

UV-Vis absorption spectroscopy is a useful tool for determining morphological and optical 

properties of metallic NPs in colloid suspension. The Surface Plasmon Enhancement (SPE) maxima 

range from 380 to 440nm and 510 to 540nm for Ag and Au colloids respectively, showing different 

LSPR properties for both metals. Electron microscopy of dried colloid drops on carbon-coated Cu 

grids can also give useful information90.  

Nanoshells are hybrid NPs consisting of a dielectric core (such as silica) and a metallic shell91. The 

LSPR behaviour of nanoshells is sensitive to the inner and outer dimensions of the metallic shell 

layer. A redshift is achieved by increasing the size of the silica cores while simultaneously reducing 

the thickness of the metallic shell92. Moreover, the hybrid resonance response can be tuned by an 

interaction between the LSPR supported by the inner and the outer surfaces of the metallic shell 

layer93. The tuneable plasmon wavelength range of Au nanoshells is from 600nm to 2.2µm, which 

makes these substrates ideal for use in the biological environment as IR excitation reduces 

problems associated with autofluorescence of biological media.   

Shell-isolated NPs (SHINs) are prepared using either a Ag or Au core which is then protected by an 

ultrathin shell of SiO2, Al2O3, MnO2 or Ag2S to meet the demand of various chemical 

environments94. The shell must be less than 5nm thick to ensure sufficient electromagnetic 

enhancement. Li et al. have developed SHINs for use as SERS specific probes with the advantage 

that they offer better stability than bare NPs95. Also, the shell isolates the metal surface from the 

probed molecules and therefore prevents a potential disturbing interaction.  

Freshly prepared colloids consist of NPs isolated due to the Columbic repulsive barrier resulting 

from the double layer of charged ions on the NP surface90. Interaction of an adsorbate with the 

colloid surface causes the NPs to stick together, forming aggregates of different size and shape 

(Figure 1.4b). Aggregation of metallic colloids is known to be influenced by various parameters 

including the surface potential of the colloid, the chemical nature and concentration of the 

adsorbate, and the temperature and the presence of a particular pre-aggregating agent such as 

chloride anions. Aggregation of NPs has a significant influence on a SERS experiment. Whereas the 
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single NP resonates at a particular frequency, its random aggregate could resonate at a different 

wavelength within broad spectral regions and therefore, the aggregation shifts the SPE to red 

with respect to the SPE of isolated NPs. Another important impact of aggregation is the 

interparticle coupling of LSPR of NPs being close to or touching each other. This effect leads to 

much higher SERS enhancement in comparison to individual NPs. Certain LSPRs generated in the 

nanosized gaps between NPs (“hot spots”) are the source of extremely high enhancement. The 

big disadvantage is that the aggregation process is time-dependent as some big macroscopic 

aggregates tend to precipitate from the solution. Moreover, the distribution of LSPR of NP 

aggregates of different sizes and shapes is strongly inhomogeneous, which causes poor 

reproducibility of SERS enhancements96.  

One way of achieving the benefits of aggregated NPs whilst reducing the disadvantages associated 

with uncontrolled aggregation is to use a layer-by-layer synthesis of colloidal NPs97. By applying 

layers of NPs around a core with ionic spacer layers (see Figure 1.4a), two (or more) layers of 

nanoparticles can be brought together so that they are in close enough proximity to form “hot 

spots” between layers but fixed enough in space so that uncontrolled aggregation is limited98. 

  

Figure 1.4 Schematic of a layer-by-layer synthesised sensor and randomly aggregated 

nanoparticles. 

A) An iterative process of applying ionic spacer layers and NPs forms a 

nanostructured particle with 2 layers of NPs evenly distributed and fixed in space 

to allow coupling of LSPR between layers and ‘hot spot’ formation. Blue and red 

lines indicate polyelectrolyte spacer layers controlling the spacing between NPs 

B)  Randomly aggregated NPs allow uncontrolled formation of ‘hot spot’ formation. 
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1.3.4.2 Nanoparticles on planar supports (bottom-up processing) 

Stability and spectral reproducibility of metallic NPs can be significantly improved if rationally 

designed NPs are self-assembled or immobilized on planar solid supports using a bottom-up 

technique. Different techniques employed to assemble metallic NPs with various sizes and shapes 

have been reviewed99,100. Preparation procedures include chemical attachment of NPs via small 

molecules or bifunctional polymers101, inverse micelle polymer film102, layer-by-layer assembly97, 

solvent-induced evaporation103, electrostatic interaction between NPs and surface104. The average 

enhancement factors reported for assembled and immobilised NPs range from 105 to 107 99,105,106.  

1.3.4.3 Nanostructures fabricated using top-down techniques 

Highly ordered metallic nanostructures can be prepared using top-down techniques such as 

electron-beam lithography and chemical etching techniques. Using electron-beam lithography 

and ion-beam lithography, an array of highly ordered structures is produced by a focused electron 

or ion beam drawing patterns over a resist wafer in a serial manner with nanometre resolution107. 

After removal of the photoresistor layer, the substrate will present a series of isolated NPs, 

separated by regions where bare substrate is exposed.  

Electron-beam and ion-beam lithography methods suffer from high cost, long preparation times 

(several days) and a need for specialised equipment. A cheaper and faster technique is the use of 

templates to allow the deposition of metal with controlled geometry; nanosphere lithography is 

such a technique. Nanosphere lithography uses self-assemblies of polystyrene micro- or nano-

particles on solid surfaces as 2- or 3-dimensional masks for metal deposition108,109. The size and 

shapes of the close-packed nanospheres and the holes between them, in addition to the metal 

deposition conditions, such as evaporation angle or specific deposition technique (e.g. sputtering, 

thermal deposition), influence the achieved metallic patterns. 

1.3.5 SERS substrate enhancement factor 

As there are a variety of different SERS substrates available to use, there is a need for a commonly 

accepted way to gauge their effectiveness. The enhancement factor is one of the key parameters 

that is currently used to compare and evaluate different substrates. The enhancement factor (EF) 

is essentially the enhancement in SERS signal that results from the presence of nano features 

compared to the pure Raman spectrum. Experimentally it can be calculated: 
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Where ISERS and IRaman are the SERS and Raman intensities at a selected peak and NSERS and NRaman 

are the total number of analyte molecules responsible for generating the corresponding SERS and 

Raman intensities.  

The two intensity measurements can easily be obtained from the output of the spectrometer; 

however, the total number of analyte molecules is much more difficult to calculate. In 

determining NSERS, one must be careful to count only those molecules which are actually adsorbed 

onto the nanostructures and hence are responsible for the SERS, and not the molecules which are 

adsorbed onto any support material or in solution. In particular, the concentration of analyte used 

should be such that the surface coverage is significantly smaller than one monolayer. As SERS is 

highly distance-dependent, the existence of more than a single monolayer when performing SERS 

means that the scattering intensity is no longer proportional to the number of molecules. The 

enhancement factor is also dependent on the analyte used for testing, due to the difference in 

adsorption of molecules onto the surface of the nanostructure. Therefore, comparison of EF 

between different substrates is only valid if similar analyte-nanostructure interaction can be 

achieved, which is generally very difficult to do.  

1.3.6 Quantitative analysis with SERS 

Sensitivity and reproducibility are the major concerns when developing quantitative SERS 

methods110,111. The main requirements for a SERS enhancing metallic substrate are84: 

• SERS sensitivity: The substrate should provide high SERS sensitivity, which is generally 

considered as SERS enhancement better than 105. 

• Spot-to-spot reproducibility: The substrate should be uniform so that the SERS signal 

shows variation less than 20% over a 10 mm2 area. 

• Substrate-to-substrate (batch-to-batch) reproducibility: The SERS signal variation for 

different batches of a substrate prepared by the same method should be less than 20%. 

• Stability: The substrate should provide good stability even after a longer shelf time (signal 

variation less than 20% measured over one month). It particularly means that the 

substrate should be long-term stable without any destabilization or destruction by 

environmental conditions, like oxidation. 

• The substrate should be clean enough so that it can be applied to study even weakly 

adsorbated analytes. It particularly means that the signals from the SERS substrate itself 

involving Raman spectrum of possible surface contaminants as well as background of the 

substrate such as autofluorescence of metal should be as low as possible. In practice, the 
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obtained SERS spectrum should be good enough to distinguish the Raman features of the 

analyte present in low concentrations from the background signal of the SERS substrate.  

• Ease and low-cost preparations and use of the substrate. 

 

There is a fine balance between achieving reproducibility and large SERS enhancement when 

dealing with SERS sensors as it tends to be the case that the higher the substrate reproducibility, 

the lower the enhancement factor that tends to be seen112. For any form of quantitative analysis, 

reproducibility and uniformity of the substrate are crucial. In addition, for bioanalytical and 

clinical applications, a clean, highly enhancing and biocompatible substrate is needed (usually a 

gold-based substrate). The cost and ease of preparation and use are also incredibly important.  

In the work of Mamián-López and Poppi, urinary nicotine was determined in the presence of its 

metabolite cotinine and the alkaloid on AuNPs113. The urine samples were spiked with known 

amounts of the analyte and added to a suspension of AuNPs for SERS analysis. SERS spectra were 

decomposed using the multivariate curve resolution-alternating least squares method and 

successfully measured concentrations of 0.10, 0.20 and 0.30 µg/ml with a total variance of less 

than 10%. This demonstrates that you can use SERS to reproducibly detect an analyte of interest 

in the presence of other similarly structured metabolites, demonstrating the specificity of the 

technique.  

Another very simple and low-cost analytical technique for SERS detection uses AgNPs printed 

onto paper by a commercial inkjet printer114. The ink was formed with standard citrate-reduced 

Ag NPs concentrated 100x by centrifugation and mixed with glycerol and ethanol to optimise the 

surface tension and viscosity for optimal printing. Reusable ink cartridges were used to hold the 

ink and print onto the desired regions of the paper. During the printing process, NPs in the ink 

aggregate and form clusters in the cellulose matrix. After printing, individual dipsticks were cut 

out of the sheet. The entire paper strip can be utilized for sample collection, while the end of the 

dipstick or swab containing the AgNPs acts as the SERS-active medium. For the dipstick 

experiments, 5µl of a sample (heroin and cocaine dissolved in methanol) was added to the 

collection zone in a controlled approach to mimic the uptake of the analyte onto the paper. After 

the dipstick had dried, it was placed into a vial containing 2ml of methanol which is quickly wicked 

up into the dipstick toward the detection tip. After 20 minutes of run time, the dipstick was 

allowed to dry, and the detection zone was scanned to determine the strongest SERS signal. A 

portable spectrometer with a fibre optic Raman probe was used for SERS detection. By use of the 

lateral flow concentration, the authors achieved LOD as low as 15ng of cocaine and 9ng of heroin. 

Although these detection limits are already comparable to many rigid SERS substrates, their 
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approach is much simpler when compared to conventional SERS substrates and traditional 

microfluidic devices. These detection limits are also comparable to those from other techniques. 

A reported LOD for cocaine measured with LC-MS is 0.9 ng/ml115 and with a commercially-

available ELISA kit 3.3nM.  

1.3.7 Clinical and diagnostic SERS with urine 

Generally, SERS detection of biomolecules can be accomplished by two methods: (i) direct-

intrinsic- (often called label-free) and (ii) indirect-extrinsic-using labels. 

Direct detection SERS is also known as a “label-free” approach and aims to directly acquire a SERS 

spectrum of an analyte without the need for a label, such as a dye or Raman reporter molecule.   

Indirect SERS requires some form of labelling so that the spectra obtained comes from the label 

rather than the analyte itself. SERS labels are usually chemical species (often dyes) that have a 

well characterised, intense and stable SERS spectrum that can be used to signal the presence and 

concentration of the analyte of interest. Indirect SERS protocols have emerged as a highly 

sensitive detection technique. SERS labels are usually covalently bonded to metal nanoprobes, 

accompanied by biomolecular ligands and are used to detect target analytes by biomolecule-

ligand recognition116. One indirect method that has gained increasing popularity for biofluid 

diagnostics is SERS immunoassays, which can be qualitative or quantitative tests to detect specific 

biomarkers using antibodies and have been shown to have incredibly good sensitivity117-119.  

Direct, label-free detection would be the method of choice where possible because it is reliable 

and convenient; however, it can be difficult to employ as it has limited sensitivity to analytes at 

low concentrations making them difficult to detect, and it exhibits poor selectivity in complex 

mixtures because of the overlapping of Raman bands making identification complicated. Novel 

label-free detection methods are constantly emerging, for example, with the development of 

SERS-active substrates and sample-pre-treatment methods.  

Most diagnostic applications of Raman and SERS with urine have been limited to solid tumour 

biology, including prostate120, oral121, breast122, esophageal123,124, lung125 and bladder126 cancer. 

However, additional pathologies that have been looked at are kidney disease127-129, risk of kidney 

transplant rejection or renal failure130, renal complications in patients with diabetes and 

hypertension131,132 and preeclampsia128,133. 

In the majority of studies, SERS spectra are generated for samples collected from a group of 

patients diagnosed with a specific form of cancer with healthy subjects acting as a control120-124,126. 

Through pre-processing of data and principal component analysis (PCA) to reduce the number of 
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variables, investigators have been able to build predictive classification models using linear 

discriminant analysis (LDA) or in some cases support vector machine (SVM) algorithms. The 

diagnostic performance of the models can be evaluated by calculating sensitivity, specificity and 

diagnostic accuracy. Using such statistical differentiation methods, excellent sensitivity, specificity, 

and diagnostic accuracy have been reported. Elumalai et al. have reported a model with 98.6% 

sensitivity, 87.1 % specificity and 93.7% diagnostic accuracy for identifying those with oral cancer 

from those without121. This particular study by Elumalai et al. shows very promising results and a 

reasonably sized cohort was used (93 oral cancer patients and 74 healthy controls). However, 

other studies report results from much smaller sample sizes, which still show promise for the 

technique, but would need a larger study to truly show the diagnostic capability of the test120,122. 

Work by Beleites et al. discussed the requirements for adequate sample size when using 

classification models to get statistically relevant results and reported that 75-100 subjects are 

needed in each class134. However, the mass majority of SERS-based diagnostic studies have been 

performed on much smaller numbers of subjects.  

1.4 Paper chromatography 

Paper chromatography is an exceptionally simple method of separating mixtures, using a solvent 

and filter paper.  A pencil line is drawn on the chromatography paper, and a spot of mixture 

deposited onto it. In ascending chromatography, the paper is suspended in a container with a 

shallow layer of solvent below the pencil line. As the solvent travels up the paper, the different 

components of the mixture travel at different rates and the mixtures are separated into different 

spots. The distance travelled by each compound relative to the solvent is a constant as long as you 

keep everything else constant- the type of paper, the composition of the solvent etc. The 

retention factor (Rf) is the relative ratio of the distance travelled by the compound, to the 

distance travelled by the solvent. If the compounds are colourless, development agents (e.g. I2, 

ninhydrin) or UV can be used to visualise them, depending on what the compound is.  

The separation of compounds on the stationary phase is due to the ability of the different 

molecules to bond with the surface. For instance, in Thin Layer Chromatography (TLC), silica gel is 

commonly used as the stationary phase. Silica is a covalent structure with Si-O-Si bonds, however 

at the surface of the silica gel you get Si-O-H bonds making the surface very polar, because of the -

OH groups, hydrogen bonds can form with suitable compounds around it as well as van der Waals 

dispersion forces and dipole-dipole attractions. Paper is made of cellulose fibres, the polymer 

chains in cellulose also have -OH groups sticking out all around them, but cellulose fibres also 

attract water vapour from the atmosphere as well as any water that was present when the paper 

was made. Therefore, paper is cellulose fibres with a thin layer of water molecules attached to its 
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surface. During paper chromatography, it is the interaction with this water on the surface which 

has the most important effect.  

When the solvent moves up the plate, it dissolves the compounds in the sample spot and carries 

them with it. The speed the compounds move at depends on how soluble they are in the solvent 

(the attraction between the compound molecules and those of the solvent), and how much 

attraction there is between the molecules of the compounds attached to the stationary phase 

(the attraction between the compound molecules and the stationary phase). If a compound can 

form hydrogen bonds, and another can only for van der Waals interactions, the one which can 

hydrogen bond will be adsorbed to surface more strongly. Adsorption is not permanent, and 

there is a constant movement of the molecules between being adsorbed and going back into 

solution in the solvent. The compound can only travel up the surface whilst it is dissolved in the 

solvent, whilst adsorbed to the surface, it is temporarily stopped and the solvent moves without 

it. Therefore, the stronger the adsorption of the compound, the less distance it will travel up the 

plate. The attractions between the compound and the solvent are also important and will affect 

how easily a compound is pulled back into solution. This is why changing the solvent may help 

separate out the components, including changing the pH of the solvent.  

Paper chromatography, combined with SERS, has been demonstrated in the literature. Paper-

based SERS strips possess several advantageous features in terms of simplicity, cost–effectiveness, 

and on-site detection. Moreover, paper strips could separate the mixtures with their inherent 

ability of fluidic capillary-action. Recent work by Zhang et al. has coupled shell-isolated 

nanoparticle-enhanced Raman spectroscopy with paper chromatography for simultaneous 

separation and optical detection of multiple components of a sample135. Yu and White have used 

a paper substrate for chromatographic separation and detection of an analyte from a complex 

sample136.  A drop of sample is pipetted onto a paper SERS substrate that has been printed with 

nanoparticles and allowed to dry. The substrate is then placed upright in a sealed jar that has 

been pre-saturated with the mobile phase that is chosen depending on the sample and target 

components being separated. As the solvent is wicked up the substrate, the components of the 

sample are separated. The combination of SERS with paper chromatography allows analyte 

detection of the chromatogram without any chemical modifications and also allows concentration 

and quantification of analytes without the need for extraction136.   

1.5 Thesis structure 

The overall aim of this thesis is to demonstrate the potential of a SERS-based point-of-care device 

for repeated measures of an inflammatory marker in urine samples. The goal of such a device 
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would be to monitor individuals’ systemic inflammation and identify those who are inflammaged 

or heading towards, and therefore at greatest risk of, and worsening progression of, age-related 

diseases. This thesis consists of three experimental chapters. The first chapter (chapter 2) 

provides the evidence for the need of longitudinal monitoring of an inflammatory marker 

(neopterin) in urine. It demonstrates the relationship between consistently elevated systemic 

inflammation, with worsening age-related disease (age-related hearing loss). Chapter 3 

demonstrates that SERS can be used to accurately measure this inflammatory marker in samples 

of urine, with results validated against the gold-standard analytical technique, HPLC. Chapter 4 

moves on to show how a potential point-of-care device made with a paper substrate could 

operate, incorporating separation of a mixture (urine) by paper chromatography, with detection 

of the analyte of interest via SERS.  
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Chapter 2 Determining an individual’s baseline systemic 

inflammation and subsequent risk of age-

related conditions 

2.1 Overview 

This chapter demonstrates how long-term inflammatory monitoring can develop a unique 

inflammatory profile of an individual, with potential diagnostic or screening implications. Low-

grade chronic inflammation, also known as inflammaging, is associated with diagnosis and 

progression of many age-related conditions. This longitudinal cohort study monitored neopterin, 

a small inflammatory metabolite, in monthly urine samples of 45 older adults (aged 65-75 years). 

Neopterin volatility was used to establish an individual’s baseline systemic inflammation for this 

targeted healthy, independent, community-dwelling population. This allowed stratification of the 

cohort into risk categories based on how often in a 12-month period their urinary neopterin level 

was raised. Using age-related hearing loss as an example of a condition that causes disability 

affected life-years, the evidence demonstrates that those with high inflammatory baseline see 

greater progression in disease over a 4-year period. The evidence is that those who are the most 

inflammaged are more likely to be suffering from multiple age-related conditions. Such 

monitoring and screening of individuals has huge potential in the clinical setting. Identifying and 

effectively managing these individuals offers improvement for their wider psychological 

wellbeing, as well as the economic benefits of individuals staying healthier for longer.  The results 

demonstrate the variability of inflammatory load in the elderly and the need for a stratified 

approach in the treatment/delay of age-related conditions via targeting inflammaging. By 

highlighting people’s risk status early enough, those individuals can adopt lifestyle changes or 

therapeutic intervention which may reduce their risk of inflammaging and in turn, age-related 

disease. 

It should be made clear that the contribution to this work is not solely the author’s. All data from 

baseline until month 13 (year 1) were collected and analysed by Dr Akosua Agyemang-Prempeh. 

The urine samples were then re-analysed by the author using surface-enhanced Raman 

spectroscopy and Charlotte Stuart using Mass Spectrometry. The analysed data contained in this 

chapter is mass spectrometry data for urinary neopterin to creatinine ratio (UNCR). The author 

and Dr Alan Sanderson carried out the Year 3 face-to-face questionnaires, pure-tone audiograms 
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and otoacoustic emissions. Data compilation, analysis and interpretation, is the sole work of the 

author.  

2.2 Introduction 

2.2.1 Goal to improve healthspan as well as lifespan 

Ageing is an inevitable time-dependent biological process that is characterised by progressive loss 

of cell functions and tissue regeneration, leading to physical deterioration. Many factors 

contribute to the complex, heterogeneous and dynamic mechanisms of ageing137. Ageing is a 

major risk factor for common diseases such as cardiovascular disease138, diabetes138, 

osteoarthritis139 and neurodegenerative diseases140,141. The rate of ageing varies both between 

and within a species and within the different tissues of an individual.  

Across the world, as life expectancy continues to rise, the consequences of age and physiological 

demise increase. Advancements in medical care, improvements in environment, and nutrition 

have extended life expectancy for humans; however, there is little evidence that the rate of 

ageing has slowed142. In some areas of the world, known as blue zones, the elderly consistently 

live beyond the age of 100 years, and largely without chronic disease, however, these areas are 

exceptional. In nearly every developed nation in the world, there is growth in the number of 

elderly, but although they are living longer, they are living with multiple age-associated disorders 
143 which in turn has dramatic social and economic consequences.  

A new perspective is that most age-related conditions share a common underlying biology. 

Therefore interventions targeting the molecular processes of ageing can simultaneously delay the 

onset, and progression of, most age-related conditions144,145. If age-related research focused on 

delaying age-related morbidity and compressing the majority of lifetime illness into a shorter 

period, nearer the end of life, this would allow individuals to live free from disability and illness 

for longer. In turn, this allows greater numbers to retain functionality and productivity for a larger 

part of their life146, benefiting both the individual and society.  

Centenarians are a subset of humans whereby many have achieved longevity and maximal 

healthspan. Studies have shown that they display cytokine profiles in keeping with younger adults 

and do not develop inflammaging147-150. Additionally, their offspring also display cellular 

modification of T and B cell compartments which share characteristics with younger people rather 

than their age-matched equivalents151,152.  A better understanding of the biological mechanisms 

contributing to the shared underlying biology between centenarians and younger adults is 

needed.  
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The World Health Organisation defines healthy ageing as ‘the process of developing and 

maintaining the functional ability that enables wellbeing in older age’ with an extension of 

‘intrinsic capacity’, which comprises all the mental and physical capacities that a person can draw 

on, including their ability to walk, think, see, hear and remember153. This really helps to 

understand the concept of healthy ageing as broad and holistic, encompassing mental, 

physiological and sensory components.  

2.2.2 The ageing immune system 

In the last 20 years, enormous steps have been taken to better understand the involvement of the 

immune system in ageing3,4,43,154-156. The immunological theory of ageing has followed, 

encompassing the intricate involvement of both the innate and adaptive immune systems157.  

Metchnikoff first described a decline in the innate immune system as one of the pillars of ageing, 

and in 2000, Franceschi developed the concept of inflammaging4. Inflammaging describes the 

systemic and sterile (absence of infection) low-grade chronic inflammation that is now largely 

considered a central biological pillar in the ageing process3,4,158. Inflammaging is a predictor of 

frailty32,159 and chronic low-grade inflammation is now accepted as a key pathogenic factor in the 

development of many different age-related conditions, including cancer26, cardiovascular 

disease160, type 2 diabetes161 and hearing loss5-7,162,163. It manifests as elevated levels of pro-

inflammatory cytokines such as interleukin 6 (IL-6) and Tumour necrosis factor-alpha (TNFα) and 

acute-phase proteins such as C-reactive protein (CRP)4. Additionally, the levels of cytokines that 

resolve inflammation, such as interleukin 10 (IL-10), are reduced with age164, leading to the idea 

that inflammaging is caused by disequilibrium between the innate and adaptive immune systems. 

The innate system remains well preserved in the elderly in comparison to the deterioration in 

function of the adaptive immune system 4. 

Inflammaging is, therefore, a consequence of an ageing immune system known as 

immunosenescence. However, the two share the same underlying causative phenomenon of 

chronic, repetitive, lifelong exposure to inflammatory stimuli and antigens, to which an individual 

has been exposed during their lifetime known as “immunobiography”154,165. Every individual will 

have a different immune history, so, therefore, will have differing outcomes ranging from healthy, 

successful ageing, to pathological ageing (ageing associated with multiple age-related conditions). 

Age-related inflammation results from the complex interplay between immunosenescence, 

cellular senescence, self-debris, obesity, gut microbiota and dietary patterns. All of these factors 

are thought to contribute to the systemic inflammatory state, through the imbalance of pro-

inflammatory and/or anti-inflammatory mediators166,167. 
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2.2.3 Low-grade chronic inflammation (inflammaging) and age-related disease 

The presence of a chronic inflammatory state drives damage to tissues. Inflammation has become 

a key area of interest in the research of many age-related conditions. Chronic inflammation has 

been linked to both incidence and progression of many diseases such as, cardiovascular disease168-

171, cancer26,172-175, diabetes138,176-178, neurodegenerative diseases (Alzheimer’s disease, Parkinson’s 

disease, multiple sclerosis etc.)48,179,180, sarcopenia181, macular degeneration182, depression183, 

frailty32,41,159,184-188, hearing loss5,7,162,163,189,190, arthritis139,191 and osteoporosis192. Many of these 

conditions are known risk factors for each other, and it is not uncommon for an older individual to 

experience two or more, highlighting the key common factor of inflammation in all these 

conditions.  

2.2.4 Age-related hearing loss as an example age-related disease associated with 

inflammaging 

Sensory impairment is common in older adults, with loss of hearing and vision being the most 

prominent193. Sensory impairments can significantly reduce the ability to undertake daily 

activities, maintain social interactions and independence. Despite the abundance of evidence for 

the effect of inflammaging on other disease models, there is a significant lack of research of 

inflammaging on ageing sensory systems. 

The National Institutes of Health (NIH) Toolbox has included measures of sensory function in its 

resource for monitoring neurological and behavioural function194. The sensory measures include 

measurements of audition, vision, olfaction, gustation, vestibular function and pain. Most of these 

functions (except pain) decrease across the lifespan and sensory changes may overlap with 

changes in cognitive and motor functions. For example, olfactory dysfunction is one of the earliest 

‘preclinical’ symptoms of neurodegenerative diseases195 and is associated with mortality in the 

National Social Life, Health and Aging Project196. In a commentary on the evidence for whether 

inflammaging plays a part in age-related macular degeneration, Gallenga et al. concluded 

unequivocal evidence for the involvement of inflammation and immune-mediated processes in 

the pathogenesis of age-related macular degeneration197.  

As an example of an age-related condition, this research focusses on age-related hearing loss 

(ARHL) as a model sensory system. Acute inflammation and early-phase inflammatory responses 

have been implicated in noise-induced hearing loss82 and idiopathic sudden sensorineural hearing 

loss models198,199. These parallels in other hearing loss models suggest the likeliness of 

inflammation being involved in ARHL.  
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Age-related hearing loss is one of the most prevalent conditions among elderly individuals, with 

around 10 percent of the world’s population being affected. By 2030 it is reported that hearing 

loss will be in the top 10 disease burdens, above diabetes and cataracts200. Those living with 

hearing loss, generally have difficulty communicating with colleagues and loved ones, which can 

affect quality of life201. They are also twice as likely to develop depression and are at increased risk 

of anxiety and other mental health problems66. However, no two individuals will experience the 

same ARHL, onset and progression of disease varies from person to person. 

ARHL is a multifactorial condition with multiple pathways and underlying conditions contributing 

to the biological mechanisms 202. Unlike other chronic conditions with similar prevalence, ARHL 

lacks any biomedical treatment or preventative measures that reduce risk. Currently, the most 

common intervention for managing hearing loss is amplification (in the form of a hearing aid or 

cochlear implant) to improve audibility for the user. However, there is a major lack of uptake of 

and compliance with the use of hearing aids in the general population77. A better understanding 

of the biological mechanisms involved in hearing loss may aid development of a disease-altering 

treatment. Equally, being identified as at risk of developing disease would provide individuals with 

opportunity to make lifestyle changes which have been shown to reduce inflammaging, and 

therefore may slow or prevent progression of disease. 

2.2.5 Mechanism of hearing  

When a sound wave enters the outer ear, it comes into contact with the tympanic membrane of 

the middle ear causing it to vibrate, which in turn moves the ossicles (middle ear bones) with the 

same frequency of vibration. The stapes footplate rests on the oval window of the cochlea, and 

transforms the air vibration into the fluid-filled cochlea. The fluid-filled cochlea is located in the 

temporal bone and is formed of bony labyrinth enclosing a membranous labyrinth and is a coiled, 

shell-like structure about 35mm in length. There are three fluid-filled compartments: the scala 

tympani, the scala vestibuli, and the scala media. The scala tympani and vestibuli contain 

perilymph, which has a high sodium concentration. The scala media contains endolymph, which 

has a high potassium concentration. The scala media is separated from the scala vestibuli by the 

Reissner’s membrane, and the scala media is separated from the scala tympani by the basilar 

membrane. A direct current resting potential, known as the endolymphatic potential, of 80-90 mV 

is measurable in the scala media. The endolymphatic potential arises from Na+ K+ ATPase pumps 

in the stria vascularis which is located on the lateral wall of the cochlea.  

The organ of Corti is the auditory transducer and contains sensory cells; three rows of outer hair 

cells (OHC) and one row of inner hair cells (IHC). A travelling wave along the basilar membrane is 
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produced by the movement of the stapes in the middle ear, against the oval window of the 

cochlea. The travelling wave moves from the base (high-frequency) towards the apex (low-

frequency) of the cochlea. The travelling wave causes deflection of stereocilia on the hair cells, 

opening and closing ion channels, resulting in a current flow of potassium ions into the hair cell. 

The depolarisation of the hair cells causes an enzyme cascade, releasing chemical transmitters 

and activating afferent nerve fibres.  

2.2.6 Biological basis of hearing loss 

Original research into the biological mechanisms of hearing loss was by Schuknecht 203,204, who 

described four structures important for cochlear function; the organ of Corti, the stria vascularis, 

the auditory nerve and the basilar membrane. Age-related degenerative changes to these 

structures led to the classification of three main pathological types of ARHL, sensory 

(degeneration of the organ of Corti), metabolic (degeneration of the stria vascularis) and neural 

(degeneration of the spiral ganglion cells of the auditory nerve). 

The organ of Corti comprises the inner hair cells (IHC), the outer hair cells (OHC) and their 

supporting cells to make up the sensory region of the cochlea. Degeneration of the sensory and 

supporting cells affects sound transduction and may also result in degenerative changes in the 

auditory nerve 205. Sensory ARHL is most strongly associated with the basal portion of the cochlea 

corresponding to the transduction of high-frequency sounds and presents on the audiogram as a 

steep sloping high-frequency hearing loss 203. Noxious agents including exposure to noise and 

ototoxic medication generate reactive oxygen species (ROS) in the organ of Corti, which 

contributes to the degeneration of the hair cells 206 by causing damage to proteins including 

prestin, an important constituent of OHC plasma membrane 207. Ageing is also associated with 

increased generation of ROS; however, some researchers suggest sensory ARHL is due to a 

lifetime accumulation of environmental noise and does not truly reflect ageing 202,208.  Aged 

laboratory animals without a genetic predisposition to hair cell loss that have been raised in a 

quiet environment have been found to have intact hair cells 202,208. This has led to the conclusion 

that a combination of genetic predisposition and noise are the cause of sensory ARHL. 

According to Schuknecht, neural ARHL was characterised by loss of spiral ganglion cells and 

auditory nerve fibres. Neural ARHL is believed to be influenced by genetic factors, which may also 

affect neurons in other areas of the central nervous system 204. The hearing loss becomes 

apparent in later life when more than 50% of spiral ganglion cells have undergone degeneration. 

It is characterised by a speech discrimination score that is worse compared to the associated 

audiogram. Degeneration of spiral ganglion cells was previously believed to be a consequence of 
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retrograde hair cell loss209. However, there is now evidence that neurodegeneration of auditory 

nerve fibres can occur long before there is a frank loss of hair cells or cell bodies of the spiral 

ganglion cells210,211. 

Metabolic ARHL occurs as a result of degeneration of the stria vascularis, which is the part of the 

cochlea that generates the endolymphatic potential. Degeneration of the stria vascularis affects 

the cochlear amplifier 208 and results in an audiogram that is flat at the low frequencies and 

gradually sloping at the high frequencies 208. The high metabolic activities of the stria vascularis in 

maintaining the endocochlear potential renders it susceptible to age-related changes 212. In 

addition, ageing itself is associated with chronic vascular diseases such as atherosclerosis and type 

2 diabetes that potentially can affect vessels in the stria. This may be a mechanism by which 

vascular and inflammatory diseases are associated with ARHL. 

A fourth type of ARHL needs to be considered, and that is central ARHL, which refers to age-

related changes that occur in the central auditory pathway that results in a decline of auditory 

perception or speech intelligibility213. Neurodegeneration that can occur in ARHL can be as a result 

of secondary degeneration from the peripheral pathway or can occur independently to peripheral 

changes 213. There is evidence of age-associated primary degeneration in the structure and 

function of the central auditory system214. Some studies have suggested that neurodegeneration 

in the central auditory pathway is in response to a loss of peripheral inputs 215,216. Assessing 

central auditory deficits is difficult as the routine audiogram does not depict this. Speech tests can 

be used to assess central auditory difficulties; however, poor speech understanding cannot be 

wholly attributed to central auditory deficits as other peripheral deficits, and cognitive decline can 

also contribute213.  

Evidence from both the visual and auditory systems, suggest a loss of sensory stimulation 

adversely affects the morphology and function of microglia, and it has been suggested that some 

of the early changes that occur in ARHL, take place at synaptic level217. Murine studies 

demonstrate loss of presynaptic IHC ribbons and postsynaptic glutamate receptors of the 

peripheral axons of the spiral ganglion cells, long before hair cell loss or death of spiral ganglion 

cells occurs211. Microglia are constantly surveying their environment through specialised 

cytoplasmic processes, making contact with synapses and responding to changes in the brain. 

Microglial processes in the visual system make around five independent contacts with a synapse 

every hour, and these contacts are diminished during sensory loss218. Any changes that occur to 

the synapses will result in changes in neurological information which can activate receptors for 

neurotransmitters and neuromodulators on the microglia, resulting in the removal of the synapse, 

known as synaptic stripping219. As a result of sensory loss, changes in the synapse can result in 
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reduced regulation of microglia, and is possible they may inadvertently phagocytise normal 

synapses.  

2.2.7 How does systemic inflammation affect the inner ear 

The human cochlea is not an “immune-privileged” organ despite the presence of the blood-

labyrinth barrier (BLB)220-222. Resident macrophages are present in the lateral wall of the cochlea, 

the spiral limbus and the scala tympani side of the basilar membrane223.  Insults, such as loud or 

persistent exposure to noise, ischemia and surgical trauma, have been demonstrated to activate 

these macrophages224-226. Inflammatory cytokines released by the macrophages, regulate the 

permeability of the BLB225,226 and this inflammation would increase BLB permeability to drugs227 

some of which are ototoxic.  

Murine studies identify that environmental exposure to noise induces cochlear damage and 

hearing loss via inflammatory processes81,82. Another hearing loss model associated with 

inflammation is noise-induced hearing loss (NIHL) that has similar mechanisms to chronic 

exposure to noise but on a more acute timeline228. Measurement of pro-inflammatory cytokines 

in the cochlea following noise-injury and identified that IL-6 expression is increased at 3 and 6 

hours after noise exposure and that a key area for inflammation is the non-sensory areas of the 

cochlea, particularly the lateral wall82. Acute and chronic noise exposure have been found to 

cause a  change in expression levels of proinflammatory cytokine TNF-α and IL-1β81 . Additionally, 

blockade of the cytokine IL-6 pathway after noise exposure has been shown to protect against 

noise induced hearing loss and is a potential therapeutic target for various kinds of hearing loss83.  

However, this association has not been shown to be consistent for all these mediators229. A study 

by Morrisette-Thomas et al. investigated 19 biomarkers including pro- and anti- inflammatory 

cytokines, cytokine receptors, chemokines and C-reactive protein (CRP) in a cohort of different 

ages, and observed that 10 of the biomarkers showed a significant age association. The results of 

this study also indicated that inflammaging does not simply reflect an increase of pro-

inflammatory markers but an overall activation of inflammatory systems that probably also 

promotes a concomitant rise in the levels of anti-inflammatory mediators229. This process may 

result in different outcomes depending on the nature of the stimulation, the pre-existing 

physiological reserve, the immune background and exposure to infections229 hence the term 

“immunobiography” suggesting a lifelong exposure to antigens and inflammatory stimuli 230. 

In sterile inflammation, the resolution phase is initiated by apoptosis and clearance of damaged 

cells231. Damage-associated molecular patterns (DAMPs)- the pathogens and by-products of 

cellular damage, stimulate pattern recognition receptors (PRRs). Activation of PRR in the cochlea 
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leads to the resident macrophages becoming activated and releasing pro-inflammatory cytokines 

and production of reactive oxygen species (ROS), which in turn leads to apoptosis of damaged 

cells and infiltration of immune cells into the scala vestibuli and scala tympani232. The infiltrating 

immune cells transform and activated macrophages further express pro-inflammatory proteins233.  

2.2.8 Current research on hearing loss and inflammaging 

When searching the ARHL literature, it becomes clearly apparent that there are known 

associations between hearing loss and many conditions also linked to inflammaging, including 

diabetes71,234,235, cardiovascular disease72,75, dementia236-238, stroke73,74, and obesity75,239-242. 

Therefore, it is plausible that inflammation also plays a role in ARHL and may be a contributing 

factor to the variability in occurrence and progression observed. Chronic inflammation could lead 

to hearing loss via vascular damage, compromised blood supply to the cochlea and the tissue of 

the central auditory pathway5,243 and a direct effect on the cochlear hair cells by inducing 

apoptosis and potentiating ototoxic drugs232. A population-based cohort study that compared 

healthy adults, to those with rheumatoid arthritis (characterised by chronic inflammation) 

showed twice the risk of hearing loss, after adjusting for age, sex and comorbidities244. There have 

been a few studies in the last 6 years that have investigated the role of inflammation in ARHL and 

generally these have found an association between elevated inflammatory biomarkers and poorer 

ARHL5-7,162,189,190,245.  

Verschuur et al. have investigated the association between inflammatory markers and hearing in 

two cohort studies, The Hertfordshire Aging Study (HAS)7 and the MRC national study on hearing6. 

In the HAS, the association between inflammatory markers and hearing threshold were 

investigated in a group of 611 (63-74 years) residents of Hertfordshire. Results identified an 

association between hearing threshold and inflammatory markers including white blood cell 

count (WBC), neutrophil count, IL-6 and CRP, independent of age, positive history of noise 

exposure, smoking and male gender. However, in this study, audiometric data was only collected 

between 0.5 and 4 kHz, limiting the investigation to the effect of inflammation on the mid-

frequency speech range. Therefore, the effect of inflammation at the extreme speech frequencies 

could not be investigated. Also, only air conduction thresholds were measured, which meant the 

origin of the hearing loss could not be determined, which is important because a conductive 

hearing loss is not a feature of ARHL. In the MRC study, 320 individuals (aged 60-89 years) had 

audiometric data collected (0.25-8kHz) and a white blood cell count (WBC). WBC was found to 

affect both the pure-tone average threshold and low-frequency average, suggesting inflammation 

may act on the stria vascularis, which is evidenced to affect low-frequency hearing212. The study 



Chapter 2 

31 

also demonstrated that the association between WBC and hearing threshold was greater in the 

very old subgroup (aged 75-89 years) compared to the younger subgroup (60-74 years)6.   

In a longitudinal study, Nash et al. have also shown that consistently elevated CRP levels were 

associated with a higher risk of developing ARHL over the next ten years5, but only for individuals 

<60 years of age. Simpson et al. have also studied the relationship between CRP and pure-tone 

audiometry (PTA) over-time in a large study of 837 older adults but found when controlling for 

age and sex, there was no statistically significant association between PTA and CRP190. A recent 

study on female nurses in two cohorts (aged 42-69 year and 32-53 years) has also found no 

relationship between inflammatory markers (CRP, IL-6, TNFR-2) and risk of hearing loss; however, 

this study used a self-report measurement of hearing rather than a stringent and widely accepted 

measurement such as PTA245.  These findings would suggest that not all biomarkers of 

inflammation, particularly CRP, show a relationship with ARHL and that the design of the study 

and measurements used are essential to tap into the sensitive nuances.  

Chronic inflammation can go unnoticed for a prolonged period of time and develops subtly and 

slowly, which echoes the development of ARHL. It is impossible to know, therefore if hearing loss 

is a later-life comorbidity of inflammation or whether the two co-develop throughout life. A 

recent cross-sectional study sampling younger adults has investigated a novel biomarker of 

chronic inflammation, glycoprotein A (GlycA). Results showed that as early as mid-childhood, 

higher values of GlycA are associated with poorer hearing, suggesting that hearing loss associated 

with inflammatory antecedents is a life-course condition162.  

These findings are consistent with the hypothesis that inflammation contributes to ARHL and that 

raised inflammatory status, demonstrated by raised inflammatory markers is detrimental to 

hearing function. However, to date, no ARHL study has monitored a biomarker over time to build 

an inflammatory baseline profile for an individual. The benefit of longitudinal monitoring rather 

than one-off measurement is that levels of inflammatory markers in circulation can vary 

extensively from day to day246-248, due to acute infection or inflammatory insult, therefore, to get 

a true picture of an individual’s inflammatory profile, multiple measures should be taken over a 

period of time.  

2.2.9 Research evidence for different measures of ageing and inflammaging 

To allow early identification of individuals at high age-related risk throughout life, appropriate 

measures and biomarkers of ageing are needed as well as the associated clinical health outcomes. 

Improved knowledge of key biomarkers will pave the way for future biomedical interventions249 

as well as give new insights into the pathology of progressive disease.  
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Frailty describes individuals who are in a state of increased risk of vulnerability to disease, 

disability and death, compared to others of the same age250. Connecting the clinical state of age-

related frailty with underlying biological age, as measured by biomarkers, is a goal. Frailty can be 

evaluated, and health status quantified, by the number of health deficits that individuals 

accumulate. Specifically, the frailty index (FI) is the ratio of the deficits present in a person, to the 

total number of potential deficits evaluated251. The FI has been used in many epidemiological and 

clinical studies to grade the degree of risk of several adverse outcomes, including mortality, health 

service use, hospital-acquired complications, worsening health, and loss of independence252-254, as 

well as conditions such as cognitive impairment255, heart disease256 and osteoporosis257. Another 

functional indicator of frailty is hand-grip strength(HGS) which is also associated with 

inflammatory biomarkers258.  

Most age-related conditions involving inflammatory processes consist of similar proteins and 

molecular mechanisms259. The 2- to 4-fold increase in serum levels of several inflammatory 

mediators in the elderly has been well described42, and there is a body of evidence that circulating 

concentrations of many markers and mediators of inflammation are higher in older 

adults27,44,147,260-263. Many studies have chosen to measure the upregulation of circulating pro-

inflammatory cytokines such as CRP, TNF-α, IL-1β and IL-627,42-44,166. However, monitoring 

cytokines has a few drawbacks. Cytokines may exert their action locally and may not be available 

to be assayed in the circulation 46. Cytokines are biologically labile and liable to rapidly bind to 

ligands on target cells which may render them immeasurable 46. Finally, binding of cytokines to 

target cells and membrane receptors, and their interaction with other cytokines may modify their 

effect 46. For example, cytokines that have been implicated in ageing, including IL-6, and TNF-α, 

have been shown to bind to circulating proteins such as α2-macroglobulin, the concentration of 

which is affected by ageing and inflammation264. Changes in α2-macroglobulin concentrations will 

influence the number of cytokines available for detection, which may be different from the true 

levels of the cytokine. Such properties and interactions of cytokines modify the levels of 

detectable cytokines and limit their use as markers in monitoring immune activation. Previous 

studies have shown inconsistent findings for acute-phase reactants, including CRP, IL-6 and WBC5-

7,190.  

An alternative is to monitor levels of stable inflammatory metabolites produced or induced by 

cytokines, neopterin is an example 46. Neopterin is released in readily detectable amounts from 

human monocyte-derived macrophages and dendritic cells preferentially, following stimulation 

with the pro-inflammatory cytokine interferon-γ, thus reflecting the immune activation status.  

This process means that neopterin levels are influenced by both the innate and adaptive immune 

system, with both contributing to inflammaging 48,49. Neopterin levels in urine  correlate with 



Chapter 2 

33 

serum levels, providing renal function is normal 50, since neopterin does not undergo breakdown 

before release in urine 11. Measuring neopterin in urine provides a non-invasive alternative to 

measures in serum.  

Recent reviews of neopterin as a biomarker for inflammatory diseases have reported that in most 

of the diseases in which the cellular immune system is involved, neopterin concentrations are 

usually high12 and its clinical usefulness discussed9. Studies assessing a cross-sectional population 

have found raised neopterin levels in older people 13,46,59. Neopterin has been explored as a 

biological marker for inflammation in several conditions, including Alzheimer’s disease60,265,266 and 

urine neopterin levels have also been shown to correlate with cognitive performance267. Increased 

neopterin has also been reported in individuals with malignant and benign tumours compared to 

healthy individuals54,268,269. Neopterin’s benefits as a prognostic marker have also been 

demonstrated in patients with chronic heart failure270, and it has been used as a diagnostic 

marker in pulmonary tuberculosis57 as well as a tool for monitoring Crohn’s disease11. In a study of 

immune biomarkers in older adults, higher serum neopterin levels were found in subjects with 

reduced physical activity271.  

Table 2.1  Reference values of neopterin in urine (µmol/mol creatinine)47 

 Men Women 

Age (years) Mean ± SD 97.5th percentile Mean ± SD 97.5th percentile 

19-25 123 ± 30 195 128 ± 33 208 

26-35 101 ± 33 182 124 ± 33 209 

36-45 109 ± 28 176 140 ± 39 239 

46-55 105 ± 36 197 147 ± 32 229 

56-65 119 ± 39 218 156 ± 35 249 

>65 133 ± 38 229 151 ± 40 251 

 

Urinary neopterin is measured as a ratio to creatinine, the urinary neopterin-to-creatinine ratio 

(UNCR). Stuart et al. have demonstrated longitudinal monitoring of UNCR is important to capture 

a more representative estimate of an individual’s inflammatory state, rather than a ‘snap-shot’ 

single time point272. Reference values of neopterin in urine of healthy individuals are shown in 

table 2.1. Examples of raised neopterin levels in diseased individuals can be found in the literature. 

Stuart et al. measured a median of 316.23 µmol/mol creatinine in individuals with multiple 
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sclerosis (n=11, 8 females, 3 males with mean age of 43.3)272. In patients with psoriasis a mean 

neopterin level of 198.3 µmol/mol creatinine was shown (n =22, 4 females, 18 males, with mean 

age of 27.5)55. 

2.2.10 Potential prevention strategies for inflammaging 

Ageing is a malleable process with the ageing trajectory showing a high degree of plasticity. 

Ageing in humans is affected in large part by lifestyle choices, disease and environmental factors. 

Various biomarkers of ageing appear to be accelerated with poor lifestyle, including increased 

senescent cells with obesity273 and raised systemic inflammation with obesity and inactivity274. 

Sedentary living and physical inactivity are highly prevalent and strongly related to old age275, and 

as accelerants of the biological ageing process, they predispose for chronic disease276.  

Physical activity can preserve the function of major body systems, including the musculoskeletal277 

and immune systems278 and protects against many age-related conditions such as cardiovascular 

disease, cancers and neurodegenerative disorders278-281, specifically aerobic exercise delays the 

onset of morbidity and enhances both health and lifespan282-284. The WHO’s 2010 Global 

Recommendations on Physical Activity for Health are for 150 minutes or more a week to have 

substantial health benefits285. However, epidemiological evidence suggests that as little as 10 to 

20 minutes of leisure physical activity per day is sufficient to extend life expectancy286. Physical 

activity improves physical capability and aerobic power due to adaptations of physiological 

systems, most notably within the neuromuscular and cardiopulmonary systems and metabolic 

processes, modifying the trajectory towards frailty 287. 

Dietary restriction has been shown to positively affect lifespan and healthspan288,289, reducing 

both inflammation and the accumulation of senescent cells290,291. Diets that favour longevity and 

healthspan are generally characterised by minimally processed foods, being predominantly plant-

based, low alcohol consumption and a lack of overeating. There is already evidence that ageing 

biomarkers can be modified by interventions that target ageing, such as the CALERIE study of 

calorie restriction in humans292. 

The malleability of longevity has also been demonstrated using compounds such as rapamycin, 

aspirin and metformin, which target the core ageing processes directly to extend lifespan in mice 

and other model organisms293-295. Some of these drugs also improve healthspan measures in some 

tissues in animal models 296-298.  

Metformin has been found to target several molecular mechanisms of ageing299. A large 

retrospective observational study of patients with diabetes who received metformin showed 



Chapter 2 

35 

increased lifespan in comparison to even individuals without diabetes300. In randomised 

controlled trials, metformin prevented the onset of diabetes, improved cardiovascular risk factors 

and reduced mortality301,302. Epidemiological studies have suggested that metformin use might 

also reduce the incidence of cancer and neurodegenerative disease299.  

The beneficial effect of statins in the prevention of cardiovascular events by blocking cholesterol 

synthesis is well established. Recent studies have shown that statins also possess anti-

inflammatory properties and can reduce inflammatory markers, especially IL-6 and CRP, both 

during chronic inflammatory condtions303 and also in healthy older individuals304. 

The ASPREE-HEARING study is investigating the potential therapeutic benefits of low-dose aspirin, 

a weak anti-inflammatory agent on ARHL. The investigation aims to determine whether this basic 

therapy will lessen the progression of the disease in elderly individuals. This large Australian-

based clinical trial is targeting 1262 individuals age 70 years old or older but is still currently in 

progress305. This trial provides large potential for an incredibly inexpensive yet feasible treatment 

option for preventing or reducing ARHL.  

2.2.11 Research Gap 

Figure 2.1 pictorially represents the philosophy of this chapter. The underlying pillars are the 

effects of ageing, the cause/effect factors of inflammaging, the effect on the microenvironment 

and the consequential pathological processes that occur. From the core of that then comes the 

clinical effects observed by an individual, the related measurements and biomarkers that identify 

these, and possible interventions that may reduce or eliminate these central effects. 

A clear association exists between low-grade chronic inflammation (inflammaging) and the 

increased risk of age-related disease, however sensory deficits of ageing such as age-related 

hearing loss (ARHL) have been minimally studied. Furthermore, studies have measured increased 

inflammatory markers to show immune activation in association with ageing and disease at single 

time points. However, there is limited published work that has used multiple serial measurements 

to build an inflammatory profile of an individual over time. Inflammatory markers can fluctuate 

with acute illnesses, or inflammatory episodes such as during a surgical procedure, so a single 

time point measurement would not be a true reflection of an individual’s general inflammatory 

baseline. For the purpose of serial measurements over time and use as a screening tool, a 

biomarker present in urine, which is non-invasive to collect, would be a far more suitable marker 

than those in blood. Therefore, neopterin, along with its other benefits of being a stable 

inflammatory metabolite, is a preferable biomarker to use.  
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As a clinical tool to identify individuals with increased low-grade inflammation and therefore at 

risk of age-related disease, the monitoring needs to be sensitive to such changes in a cohort at an 

age, and with a low burden of disease, who would have the years in life remaining to make 

significant disease-aversive changes. The measures and markers used must be reliable and 

validated, for example, using Pure-Tone Audiometry and Otoacoustic Emissions as measures of 

hearing loss rather than subjective self-report.  

Addressing this knowledge gap requires a population-based study that combines valid 

audiometric data with a biomarker for underlying inflammation suitable for long-term monitoring. 

Therefore, this study undertook serial neopterin measurement in a cohort of healthy, 

independent, community dwellers aged 65-75 years and measured changes to hearing over time. 

The longitudinal data allowed changes in neopterin levels over time to be reliably quantified to 

allow for inflammation resolution. The study intended to identify those individuals who were poor 

resolvers of inflammation and potentially at risk of developing, or of rapidly progressing, age-

related conditions. 
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Figure 2.1 Diagrammatic representation of the philosophy behind chapter 2. 

The central effects of ageing, the cause/effect factors of inflammaging, 

microenvironment and subsequent age-related pathological processes. The resulting 

effects observed in the individual. Potential biomarker and measures associated with 

the central effects and potential interventions. 

2.2.12 Hypotheses 

1. Serial measurements of urinary neopterin will identify those with chronic systemic 

inflammation (inflammaging) 

2. High neopterin volatility (volatility is percentage of months neopterin raised above normal 

limit) is associated with having multiple age-associated conditions/co-morbidities 

3. Smokers are at greater risk of chronic inflammation and will have increased neopterin volatility 
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4. High neopterin volatility is associated with a greater decline in age-related hearing loss. 

2.2.13 Aims 

1. To measure serial levels of urinary neopterin in a cohort of healthy community-dwelling older 

adults 

2. To compare urinary neopterin measurements to serum biomarkers of inflammation 

3. To compare neopterin volatility with prevalence and progression of age-related hearing loss by 

measuring hearing thresholds over 4 years using pure-tone audiometry and otoacoustic 

emissions. 

2.3 Methods 

A four-year longitudinal study investigating the association between urinary inflammatory 

markers and age-related hearing loss was conducted. It is hypothesised that inflammaging is key 

in the progression of age-related conditions including ARHL. Assessing inflammatory mediators 

and building an individual’s inflammatory profile, could help in determining those at risk of ARHL 

and other age-related conditions.  

2.3.1 Participants 

Convenience sampling was used to recruit a sample of community-dwelling older adults. The 

study was promoted via interest groups likely to contain a sample of older adults, including the 

University of the Third Age (U3A) in Southampton, Winchester, Eastleigh and Lymington, and an 

over 50’s group in Southampton, UK. These groups were targeted as their ethos promotes active 

participation and engagement, potentially indicative of low burden of disease. Recruitment was 

geographically targeted at locations within the South coast of England due to the number of study 

visits required, and the higher-than-average population of older adults resident in this region.  

Interested participants received a copy of the patient information sheet and given the 

opportunity to ask questions. Written informed consent was obtained from those willing to 

participate.  

A total of sixty-one individuals (aged 65- 75 years) consented to take part. During the study 

sixteen individuals withdrew for reasons un-related to the study. Any previous collected data from 

the withdrawn participants was removed from analysis. A total of forty-five individuals completed 

all time points of the study.  
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2.3.2 Inclusion and exclusion criteria 

The main criterion for inclusion was age, subjects recruited ranged from 65 to 75 years. According 

to the inflammaging hypothesis by Franceschi et al., the period in which unsuccessful ageing 

occurs is maximal between the ages of 60 and 80 years4, therefore the age-range was selected to 

capture a cohort in whom inflammaging had potentially begun to occur. Secondly, since the aim 

was also to measure change in hearing threshold, which is known to progress with age, a 

relatively younger cohort was chosen, whose hearing is unlikely to go beyond the limit of testing 

via pure-tone audiometry. Lastly, a narrow age range was chosen to limit variations that would 

occur with a wide age range.  

Exclusion criteria were i) hearing loss that is severe or profound in severity (as thresholds may 

exceed audiometric limit), ii) hearing loss caused by known otological pathology other than age-

related hearing loss, iii) inability to provide informed consent due to psychological condition e.g., 

dementia, and iv) individuals with cancer, auto-immune diseases, or use of immunosuppressive 

medication, as all may inflate neopterin levels. 

2.3.3 Study design 

Participants attended 3 face-to-face visits at the Hearing and Balance Centre (HaBC) at the 

University of Southampton. These were at baseline, end of year 1 and end of year 3. Hearing 

measurements were collected at all 3 face-to-face sessions, while inflammatory measures were 

only collected at baseline and year 1. Urine samples were also collected for the months in 

between baseline and year 1, which the participants collected at home and posted in. The study 

design is depicted in figure 2.2.  

 

Figure 2.2 Experimental design for InflamHear study. 

Hearing (PTA and OAE) measurements collected at baseline, year 1 and year 3 of the 

study. Inflammatory (WBC, urine and serum neopterin and cytokines IL-1β, IL-6, TNF-
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α, IFN-γ) measures collected at baseline and year 1 of the study.  Urine was collected 

monthly within the first year of the study for neopterin analysis. 

2.3.4 Equipment and Procedure  

2.3.4.1 Questionnaire 

Testing took place at the Hearing and Balance Centre (HaBC) of the University of Southampton by 

A A-P, A S and R K. Participants were given a questionnaire to fill in (Appendix A) at baseline and 

year 3 visit. The questionnaire was split in four sections: 

1. Demographics: demographic characteristics including age, gender and occupations, which 

are known to impact on hearing. 

2. Hearing: this section explored individual hearing difficulties, if any. Questions included 

history of childhood ear infections, family history of hearing loss and noise exposure. 

3. Lifestyle: lifestyle factors that influence hearing such as smoking were enquired about. 

4. Medical History: this section enquired if subjects had common chronic diseases that are 

associated with greater hearing loss including diabetes and cardiovascular diseases. 

As the questionnaire was only completed at 2 time points (baseline and year 3 visit), there was no 

attempt to document individual information on infections or illness during the study, but this is 

something that could be considered for future work. 

2.3.4.2 Hearing assessment 

Hearing was assessed using pure-tone audiometry (PTA) and transient otoacoustic emissions 

(TEOAE). Hearing measurements took place in a soundproof booth. The ambient noise in the 

booth, measured with a sound level meter was always below 35 dB(A), therefore in keeping with 

the relevant ISO requirements. Otoscopy was performed on each participant to exclude the 

presence of wax, and other ear abnormalities, including perforated tympanic membrane and 

middle ear infections, which could alter their audiometric thresholds. Subjects with occluding wax 

were requested to have it removed via their GP before testing, to eliminate any temporary 

conductive hearing loss caused by the occlusion.  

Pure-tone audiometry testing was performed using a GSI G1 Clinical Audiometer, calibrated 

according to ISO-389-1: 2000 Standards. Tones of frequencies 0.5-8 kHz were presented through 

TDH-39 supra-aural earphones. A RadioEar B71 bone vibrator was used for measuring bone 

conduction thresholds. PTA was performed according to the British Society of Audiology (BSA) 

recommended procedure (BSA)306. PTA air conduction thresholds were measured at 0.25, 0.5, 1, 
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2, 3, 4, 6, and 8 kHz for both ears. Thresholds for bone conduction were determined at 0.5, 1,2, 3 

and 4 kHz. Thresholds were measured in 5dB intervals. The limit of the audiometer was 110 dB 

HL, when threshold was beyond this limit, it was assigned a threshold of 120 dB HL. Masking was 

appropriately applied where there was an asymmetry between ears, or an air-bone gap, in 

accordance with the BSA procedure. Pure-tone average threshold was calculated for the 

frequencies 0.5, 1, 2, and 4 kHz for each ear. Low frequency average (0.25, 0.5 and 1kHz) and high 

frequency average (4, 6, 8 kHz) were also calculated for each ear.  

Measurement of TEOAE was performed using Otodynamics ILO 292 equipment and EZ-Screen 

software (Otodynamics, ILO V6 Module) connected to a laptop computer. Stimuli were 

transmitted to the ear via a standard adult probe-microphone system. TEOAE recordings were 

made at 1, 1.5, 2, 3 and 4 kHz using Quickscreen mode. The stimulus was a conventional non-

linear click presented as a set of four clicks at a rate of 50 clicks/s, each set comprising one at a 

maximum of 90 dB peSPL and three at 80 dB peSPL.  

2.3.4.3 Blood sampling 

Under sterile conditions and using a non-touch procedure, venesection was performed by A A-P. 

Blood was taken from the median cephalic vein in the cubital fossa. Prior to this, the vein was 

identified and the skin area cleaned with alcohol wipe. The skin was allowed to air dry, then a 

venous blood sample was taken. Blood samples were collected into vacutainer EDTA bottles and 

serum bottles. Blood in the EDTA bottle was used to measure white blood cell count (WBC) 

immediately. Blood in the serum bottle was allowed to stand for 30-60 minutes in order for a clot 

to form. Separation of the clot was performed by centrifuging the sample at 2000rpm at a 

temperature of 4°C for 10 minutes. The supernatant serum obtained was pipetted into 500µL 

aliquots and stored at -80°C to be used to measure serum neopterin, IFN-γ, IL-1β, TNF-α and IL-6 

levels. Blood samples were taken at two time points during the study; at the start of the study and 

at the end of the first year.  

2.3.4.4 Urine sampling 

Participants gave morning urine samples once a month for 12 months. At the months 1 and 12 

when blood samples had to be collected as well, participants brought in their urine samples to the 

centre. During the remaining months, participants posted their urine samples by first class mail, 

using urine collection tubes and pre-paid envelopes that were supplied to them. Urine samples 

received were centrifuged at 2000rpm at a temperature of 4°C for 10 minutes and stored at -20°C 

for analysis of neopterin and creatinine levels. 
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Neopterin stability in urine has been shown to be fairly consistent at different ambient 

temperatures, so time of year when the sample is taken and transported shouldn’t affect the 

sample247. The length of time between the sample being taken to being processed and stored at 

4°C may affect the neopterin in the sample, therefore the subjects in the study were requested to 

send their samples promptly and were provided with prepaid first-class mail. However, it is 

impossible to say if any samples were delayed >24 hours, and subjects were not asked to 

document time between sample collection and posting. In future, it may be worth assessing this 

and if deemed to be an issue, it may be worth considering some form of refrigerated transport.  

2.3.5 Measurement of inflammatory markers 

2.3.5.1 White blood cell count 

The amount of WBC in the blood was measured using an automated machine, HemoCue WBC and 

differential analyser. About 100µL of blood that had been previously collected in EDTA tubes was 

placed onto a microcuvette and inserted in the HemoCue analyser to give an automated WBC and 

differential reading. The differential count included neutrophils, lymphocytes, monocytes, 

eosinophils and basophils.  

2.3.5.2 Serum cytokines 

Cytokine levels have been known for their association with inflammaging. Some of the implicated 

cytokines that were measured to further investigate their role in inflammaging were IFN-γ, TNF-α, 

IL-1β and IL-6.  

Cytokine concentrations were measured using 96-well MSD Multi-spot Pro-inflammatory panel-1 

kit. Testing of cytokines was performed only at one time point, at the start of the study. Samples 

were blinded to the investigator by relabelling performed by a person unrelated to the study.  

Each serum sample was thawed on ice, centrifuged at 2000G for 4 minutes, diluted 2-fold with 

MSD diluent, and pipetted into randomly selected two adjacent wells on the ELISA plate. Wells 

contained pre-fixed capture antibodies. Samples were tested in duplicates to ensure repeatability. 

After incubation and washing stages, MSD detection antibody and then read buffer were added to 

sample solution. Calibrators and controls for each cytokine were processed the same way as 

samples. The concentrations of measured cytokines were read on an MSD plate reader according 

to the curve obtained from the calibrators.  
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2.3.5.3 Urinary neopterin to creatinine ratio (UNCR) 

For the analysis of the data in this chapter, urine neopterin and creatinine concentrations were 

measured via Ultra performance liquid chromatography -Mass spectrometry (UPLC-MS) by C S. 

The investigator was provided with the results for all the analysed urine samples as a urinary 

neopterin to creatinine ratio (UNCR). All measurements were undertaken using ACQUITY UPC 

interfaced with a Waters Xevo triple quadrupole (TQD) mass spectrometer equipped with an 

electrospray ionization probe, column oven, and autosampler (Waters, Elstree Herts, UK). All 

samples were kept in the dark at 5°C. Separation at 24°C was achieved using a UPLC Fluoro-phenyl 

(1.7 µm, 2.1 × 100 mm) column fitted with its equivalent guard column (1.7 µm, 2.1 × 5mm, 

VanGuard) (Waters, Elstree Herts, UK). The primary mobile phase (A) was 0.2% formic acid and 

the co-solvent (B) consisted of 0.2% formic acid in acetonitrile. Total run time was 8 minutes and 

included a 2.5 minute gradient from 99% (A) to 93.5% (A) followed by a 2 minute wash in 100% 

(B) and a 2.5 minute re-equilibration at 99%A. Injection volume was set at 10µl for neopterin 

analysis and 5µl for creatinine analysis.  

After separation, the compounds were monitored in scheduled multiple-reaction monitoring 

(MRM) mode with positive electrospray ionization. Optimised flow injection parameters consisted 

of cone energy of 30V and collision energy of 20V. The MRM transitions for creatinine and 

creatinine-D3 were 114.1 > 44.1 and 117.1 > 47.1 respectively and for D-erythro-neopterin and D-

erythro-neopterin-13C5 were 254.1 > 206.1 and 259.1 > 210.1 respectively. 

Urine had been stored at -20°C, so prior to analysis the samples were thawed and then diluted 

1:10 or 1:500 for neopterin and creatinine respectively. Each urine sample was measured in 

duplicate and the result averaged. Urinary creatinine and neopterin concentrations were 

determined based on the calibration curve with neopterin and creatinine expressed as µg/L and 

mg/dL respectively. UNCR was calculated for each sample and expressed in µmol/mol. 

This UPLC-MS method has demonstrated LOD for neopterin of 0.3μg/L, an interassay coefficient 

of variation of 6.34% and intraassay coefficient of variation of 2.77%. For any future work it would 

be recommended to have a single standard reference sample that was measured by UPLC-MS and 

any other analytical methods, to ensure no variability in result.  

2.3.6 Ethical approval 

The study was ethically approved by the National Research Ethics Service (REC: 13/SC/0507) and 

the University of Southampton Ethics and Research Governance (reference number: 7923). 
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2.3.7 Statistical analysis 

Data was compiled using Microsoft Excel. Statistical analysis was performed using GraphPad Prism 

8 and IBM SPSS Statistics 26. Shapiro-Wilk’s test of normality was applied to the data to assess 

normal distribution in deciding whether to utilise parametric or non-parametric statistics (see 

Appendix C). The data was sorted with pre-planned stratification process that was used prior to 

analysis, see section 2.4.5.  

Analysis of variance (ANOVA) measures were used to compare groups with p < 0.05 being 

considered significant. A one-way ANOVA was used to compare the mean neopterin 

concentration of each neopterin stratified group, with a Tukey post-hoc multiple comparisons 

test. A one-way ANOVA was also used to compare WBC and WBC differentials between neopterin 

stratified groups, cytokine levels between neopterin stratified groups, and hearing averages (Pure 

tone average, low-frequency average, high-frequency average) between neopterin stratified 

groups. A Welch ANOVA was used to asses significance for change in hearing level from baseline 

to end of study for each of the hearing averages, with a post-hoc Dunnett T3 multiple 

comparisons test. A one-way repeated measures ANOVA was used to compare hearing averages 

at baseline, year 1 and year 3(study end). Two-way repeat ANOVA was used with hearing 

frequency and time as within subject variables and TEOAE SNR level as dependent variable. 

Another was used with neopterin volatility groups as between subject variable, frequency as 

within subject variable and SNR as dependent variable. Pearson product-moment correlations 

were used to consider relationships between variables. Factoring for age, all variables of hearing 

loss and inflammation were compared.  

Study power was calculated based an average change in hearing threshold of study group to be 

greater than 10dbHL ± 5 dBHL. Prior to the start of the study sample size was determined to be 42 

for 90% power with an α of 0.05.  

 

2.4 Results 

2.4.1 Subject Characteristics 

There were 45 adults who completed the study from baseline until year 3, aged 65-75 years at the 

start, and consisting of 11 males and 34 females, living in and around the Southampton area. 

Originally 61 adults were recruited into the study but there was 26% attrition throughout the 

duration. Some interesting demographics and clinical information are shown in Table 2.2. 
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Table 2.2  Table of subject demographics and clinical characteristics from beginning to end of 

study 

Information from study questionnaire completed at baseline and end of study. 

Determination of hearing loss is based on pure-tone average threshold calculated 

from pure tone audiogram.  

Characteristic Baseline Study End 

 Number (percentage) Number (percentage) 

General 

Age 68.98 years 72.49 years 

Male 11 (24.4%) 11 (24.4%) 

Female 34 (75.6%) 34 (75.6%) 

Health 

Diabetes Dx 1 (2.2%) 2 (4.4%) 

Stroke 0 1 (2.2%) 

Hypertension Dx 17 (37.8%) 21 (46.7%) 

Heart disease Dx 6 (13.3%) 7 (15.6%) 

Statins Prescribed 16 (35.6%) 16 (35.6%) 

One or more chronic disease Dx 18 (40.0%) 22 (48.9%) 

Hearing 

Difficulty hearing speech in quiet 11 (24.4%) 15 (33.3%) 

Difficulty hearing speech in noise 37 (82.2%) 37 (82.2%) 

Prescribed a hearing aid 9 (20%) 13 (28.9%) 

Number with normal hearing 

(≤20dB HL) 

11 (24.4%) 5 (11.1%) 

Number with hearing loss (>21-

40dB HL) 

34 (75.6%) 40 (88.9%) 

 

The infographic in Figure 2.3 depicts visually some of the subject characteristics established via 

the questionnaire, a table of results can be found in Appendix B. Seventeen subjects had been a 
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smoker at some point in their lives, however eight of these had given up smoking by the age of 40 

years. Four common age-related chronic diseases were enquired about in the questionnaire; 

diabetes, stroke and cardiovascular diseases (including hypertension and coronary artery disease). 

Hypertension was the most common chronic disease affecting 37.8% of the subjects, 13.3% had 

other cardiac disease, 2.2% had diabetes and none of the subjects had had a stroke. 35.6% of 

subjects were being prescribed statins.  

The majority of subjects (75.6%) had no difficulty hearing speech in a quiet environment, 

however, as typically seen in sensorineural hearing loss, 82.2% had difficulty hearing speech in a 

noisy environment. Ten of the 45 subjects had a history of noise exposure, 9 had been prescribed 

hearing aids and 15 reported tinnitus. 62.2% of the subjects reported no history of repeated ear 

infections and one-third of the subjects had a positive family history of hearing loss before the age 

of 60 years.  

The same questionnaire was repeated at the end of the study (year 3) and slightly different 

answers were recorded. Four individuals had been diagnosed with a co-occurring chronic disease 

since the baseline questionnaire was completed including hypertension, heart disease and 

diabetes. Since the baseline questionnaire, one individual had had a stroke.  

By study end, the majority of subjects (64.4%) still reported having no difficulty hearing speech in 

quiet but there was an increase in the numbers having some difficulty. The report of difficulty 

hearing speech in noise remained the same. Four extra people had been prescribed a hearing aid 

but the number of individuals reporting tinnitus remained the same.  
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Figure 2.3 Infographic depicting InflamHear questionnaire responses: demographics, risk factors 

and age-related conditions. 

Full table of questionnaire results can be found in appendix B. 
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2.4.2 Hearing changes from baseline to study end 

2.4.2.1 Pure Tone Audiometry 

Every subject had their hearing thresholds assessed using PTA at three time points, Baseline, Year 

1 and Year 3 (Figure 2.4). The general trend of hearing loss is a bilateral high-frequency sloping, 

which is the expected presentation of hearing loss associated with ageing (presbycusis)80,202. 

Conventionally, hearing thresholds ≤20dB HL are said to be within normal limits306. The greatest 

change in hearing can be seen at the higher frequencies, which is again consistent with the 

deterioration expected with an age-related hearing loss.  

From the beginning of the study to its end, the percentage of individuals with normal hearing 

dropped from 24.4% to 11.1%, with a 6.7% increase in the number of individuals with both mild 

and moderate losses (Table 2.3).  

 

Table 2.3 Number of subjects within each classification of hearing loss at baseline and year 3 

(study end). 

Based on worst ear pure-tone average (0.25-8kHz) (N=45). 

Degree of hearing loss Baseline Study End 

 Number (Percentage (%)) Number (Percentage (%)) 

Normal Hearing (≤20dB HL) 11 (24.4 %) 5 (11.1%) 

Mild loss (21-40dB HL) 24 (53.3%) 27 (60.0%) 

Moderate loss (41-70 dB HL) 10 (22.2%) 13 (28.9%) 

Severe loss (71-90 dB HL) 0 0 
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Figure 2.4 Average pure-tone audiometric thresholds for all subjects. 

Blue is baseline, red is year 1 and green is year 3. Worst ear air conduction thresholds 

used (N=45). Error bars represent standard deviation. A) Thresholds from the worse 

hearing ear by air conduction across frequencies (0.25-8kHz) (N=45). Thresholds at 

baseline, end of year 1 and end of year 3 of the study. A deterioration in high-

frequency hearing can be seen across the years. Error bars represent standard 



Chapter 2 

50 

deviation. B) Average audiometric thresholds for low frequency (LFA), pure-tone (PTA 

Av) and high frequency (HFA) averages.  

 

There are three widely used audiometric averages used to describe PTA data. Pure-tone average 

threshold (average threshold across 0.5-4kHz), low-frequency average threshold (average 

threshold across 0.25-1kHz) and high-frequency average threshold (averaged threshold across 4-

8kHz). These averages were calculated for the poorer hearing ear (determined by PTA Average) 

and used for analysis.  

A one-way repeated measures ANOVA was conducted to compare the pure-tone average 

threshold at baseline, year 1 and year 3 (study end) (Figure 2.4B). There was a significant effect 

for time, Wilks’ Lambda = 0.39, F (2, 43) = 34.36, p<0.001, multivariate partial eta squared = 0.62 

suggesting a very large effect size (Cohen 1988)307. This analysis was repeated for low-frequency 

average and there was a significant effect for time, Wilks’ Lambda = 0.77, F (2,43) = 6.32, p = 

0.004, multivariate partial eta squared = 0.23. The same analysis for high-frequency average 

produced another significant time effect, Wilks’ Lambda = 0.40, F (2,43) = 32.08, p <0.001, 

multivariate partial eta squared = 0.60.  

Both age and sex are thought to be important variables for risk of hearing loss, with older males 

being the most likely to have poorer hearing. In this study, the relationship between age/sex and 

degree of hearing loss was investigated using Pearson product-moment correlation coefficient. No 

correlation was found between sex and pure-tone average threshold either at the start r = -0.176, 

n =45, p = 0.248, or end of the study r = -0.124, n =45, p = 0.415. When looking at the age of the 

subject at the start of the study, there was a strong, positive correlation between age and pure-

tone average thresholds, r = 0.533, n = 45, p <0.001.  

2.4.2.2 Transient Otoacoustic Emissions (TEOAEs) 

Otoacoustic emission (OAE) responses are measured against noise floor, therefore the response is 

a signal to noise ratio (SNR). There are recommended criteria to be met for a response to be 

accepted as a true one. Different studies have set-out different criteria for an acceptable SNR 

response, including SNR ≥ 6dB308, 3dB309 and 0dB310. The conservative approach would be to use a 

SNR ≥ 6dB for a true OAE response, however given the high proportion of hearing loss within the 

cohort, this stringent criterion would disqualify the majority of the responses and could even 

eliminate some true responses. On the other hand, accepting all responses as true responses 

could introduce a large number of false positive responses into the data and reduce the effect of 

the results. Therefore, a SNR ≥3dB was chosen for this study. This criterion has been found to be 
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robust in determining a true OAE response309,311. In addition, when considering the reproducibility 

of a response, 75% was accepted, to ensure the response was repeatable. A TEOAE reproducibility 

range between 70% and 90% has been demonstrated in the literature308,312.  

 

Table 2.4 Percentage of ears with positive OAE responses meeting criteria (1, 1.4, 2, 3, 4 kHz, 

baseline and year3). 

Criteria of response was SNR ≥ 3 dB and reproducibility ≥ 75%. 

Number (percentage) of ears with TEOAE responses 

Frequencies (kHz) 1 1.5 2 3 4 

Baseline 53(58.8) 63(70) 61(61.7) 53(58.8) 38(42.2) 

Year 1 38(42.2) 43(47.7) 44(48.8) 36(40.0) 29(32.2) 

Year 3 31(34.4) 45(50.0) 50(55.5) 42(46.6) 32(35.5) 

 

Table 2.4 shows for each frequency, the percentage of ears that had a response meeting the 

criteria of SNR ≥ 3 dB and reproducibility ≥ 75%, at baseline, year 1 and year 3. However, with 

these criteria, just 29 ears had TEOAE responses for all frequencies at baseline, 24 ears at Year 1 

and 11 ears at Year 3. High SNR levels of OAE indicate good outer-hair cell function. When TEOAE 

are used as a screening protocol, clear responses at 3 out of 5 frequencies is accepted as that ear 

having a response. When considering the data in this way, 45 ears had a response at baseline that 

remained at Year 3.  Two-way repeat ANOVA was performed with frequency and time as within 

subject variables and TEOAE SNR level as dependent variable. Results from the ANOVA showed a 

significant difference between TEOAE levels at baseline and after three years, F (1,440) =54.51 , 

p< 0.0001  (Figure 2.5). A post-hoc Sidak test found significant differences at frequencies 1 kHz 

(p<0.0001), 1.5 kHz (p<0.0001), and 2 kHz (p=0.0482). There was a significant difference between 

the frequencies F (4,440) = 23.78, p<0.0001 and a significant interaction between frequency and 

time F (4,440) =3.199, p=0.0132.  
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Figure 2.5 TEOAE responses. 

TEOAE for ears that have passed a screening at baseline (blue) and year 3 (green) for 

frequencies 1-4kHz. Error bars represent SD. N= 45 ears. 

2.4.3 Traditional Blood Markers 

Blood samples were collected from individuals at two time points (Baseline and after 12 months) 

and traditional markers were measured, particularly those that have been used in other studies as 

determinators of inflammation. The measures included white blood cell count (WBC), monocyte, 

lymphocyte and neutrophil cell counts measured at baseline and after one year, as well as 

cytokine measures, TNF-α, IFN-γ, IL-6 and IL-1β measured at baseline. Figure 2.6 shows that mean 

cell counts between the two time points are not significantly different, however, for some 

individuals a significant change in measure has occurred which could be due to an acute 

inflammatory event at either time-point, thus highlighting the need for longitudinal monitoring of 

individuals to negate false positive for inflammaging by taking single time points. Figure 2.7 

depicts the cytokine measurements which were only measured at baseline. Variability in cytokine 

concentration can be seen, but this data would not be enough alone to conclude whether an 

increased concentration in a cytokine marker is due to inflammaging or an acute inflammatory 

event at the time of sampling.  
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Figure 2.6 Measurements of blood markers. 

White is baseline data and dark grey year 1 data. Data split by sex for each marker to 

demonstrate no significant effect on marker due to sex. Box plot depicts mean with 

upper and lower limit, and symbols are the individuals with lines to show an 

individual’s change in measurement between the two time points. A) White blood 

cell count. B) Neutrophil count. C) Lymphocyte count. D) Monocyte count.  
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Figure 2.7 Baseline cytokine concentrations. 

Data split by sex for each marker to demonstrate no significant sex effect. Box plot 

depicts mean with upper and lower limit, and symbols are the individual values. A) 

TNFα concentration. B) Interferon -γ concentration. C) Interleukin- 6 concentration. 

D) Interleukin- 1β concentration.  



Chapter 2 

55 

2.4.4 Monthly Urinary Neopterin to Creatinine Ratio (UNCR) for each subject 

Taking multiple measurements of neopterin for each individual over 12 months rather than 

measuring a marker at a single time point, gives rise to a variable that more accurately conveys an 

individual’s variation in inflammatory state and therefore provides an inflammatory profile. We 

used an upper limit of normal of 251 µmol/mol creatinine based on normative values in the 

literature46,47. The month-by-month UNCR for each participant in the study are shown in figure 

2.8-2.10, the fluctuation in concentration is clear to see. It is also apparent that some individuals 

spend a considerable time above the normal limit, whilst some others never fluctuate above it, 

and others are somewhere in between. These variations above and below a normal value that are 

evident in this longitudinal data, would be missed if measurement was only taken at a single 

timepoint. For that reason, this research focusses on longitudinal data collected monthly over 12 

months, and uses a measure of how often individuals fluctuate above the normal value as a 

biomarker of immune activation.   
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Figure 2.8 Variations in monthly UNCR measurement for participants 1-15 of study 
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Figure 2.9 Variations in monthly UNCR measurement for participants 16-30 of study 
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Figure 2.10 Variations in monthly UNCR measurement for participants 31-45 of study 
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2.4.5 Stratification Process based on UNCR longitudinal data 

One of the unique and novel features of this study is the multiple measurements of neopterin for 

each individual over a 12-month period. Other studies that have measured at a single time point 

or several years apart5-7  have not needed a variable that encompasses multiple timepoints. 

Therefore, rather than consider a mean or median value, neopterin volatility is a useful variable to 

encompass an individual’s variation in inflammatory baseline and therefore report an overall 

inflammatory profile. Neopterin volatility is defined as a ratio of the number of months neopterin 

level exceeded normal limits, to the total number of months samples were obtained.  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑣𝑣𝑁𝑁𝑣𝑣𝑣𝑣𝑁𝑁𝑁𝑁𝑣𝑣𝑁𝑁𝑁𝑁𝑣𝑣 =  
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁ℎ𝑠𝑠 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑣𝑣𝑁𝑁𝑣𝑣𝑁𝑁𝑣𝑣 𝑁𝑁𝑥𝑥𝑒𝑒𝑁𝑁𝑁𝑁𝑒𝑒𝑁𝑁𝑒𝑒 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣 𝑣𝑣𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑇𝑇𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁ℎ𝑠𝑠 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑤𝑤𝑣𝑣𝑠𝑠 𝑁𝑁𝑁𝑁𝑣𝑣𝑠𝑠𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒
 𝑥𝑥 100 

Neopterin levels rise prior to clinical symptoms of infection, therefore neopterin measurement is 

sensitive to subclinical infections and susceptibility to infection is a feature of inflammaging. As an 

example, some work looking at the risk and progression of Alzheimer’s disease has shown that 

repeated inflammatory challenges, indicated by fluctuations in inflammatory markers, 

exacerbates progression of the disease313 and therefore can be used as a measure of 

inflammaging. 

The literature reports normative values for urine neopterin depending on age and sex13,46,47 and 

these values are shown in table 2.1. For men over 65 years, the mean is 133µmol/mol with an 

upper limit of normal (97.5th percentile) reported as 229µmol/mol. For women, the mean is 

151µmol/mol with an upper limit of normal (97.5th percentile) noted as 251µmol/mol. Therefore, 

for this work a cut-off value was set at 251 µmol/mol Creatinine as the most conservative upper 

limit of normal for our age group.  
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Figure 2.11 Histogram of neopterin volatility distribution. 

Demonstrating the large proportion of subjects with 0% neopterin volatility and also 

a large proportion of subjects with a neopterin volatility over 50%. 

Based on individual neopterin volatility levels, the cohort was stratified into groups. Stratifying the 

cohort into groups according to the percentage of time their neopterin was raised provides 

groups with the most clinical meaning.  

Participants were assigned to groups according to: 

1. neopterin levels are never raised above the limit (251µ/mol creatinine) (8) 

2. neopterin levels raised ≤25% of the time (13) 

3. neopterin levels raised 25-50% of the time (8) 

4. neopterin levels are chronically raised i.e. >50% of the time (16) 

These groups were deemed clinically meaningful, because an individual who never had a raised 

level of neopterin, can be considered to be very ‘healthy’, whereas individuals whose neopterin 

was raised occasionally could be considered within the ‘normal response range’, those with raised 

levels often are perhaps leaning towards the ‘unhealthy’, and those individuals who had raised 

neopterin in more than half their samples, could be classified as chronically inflammed. Another 

study which has investigated the importance of longitudinal monitoring of UNCR over single time 

point measurement, has shown that UNCR is consistently higher in patients with relapsing-

remitting multiple sclerosis, a well characterised inflammatory condition272. 
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This stratification method results in subsets with uneven numbers in each group which is not ideal 

for making statistical comparisons between groups, however it considers and stratifies the cohort 

on the basis of the clinical variation between individuals which is the premise of the study. An 

alternate way of stratifying the cohort is to make groups with equal numbers of subjects, for 

example 3 groups (tertiles) as used in the MRC study of Verschuur et al.6. In this study, that would 

make the following groups: Low (0- ≤18.18 % raised), moderate (18.19-54.55 % raised), and high 

(≥54.56 % raised). As seen in figure 2.11, a histogram of distribution of neopterin volatility scores, 

shows a multi-modal distribution, with a peak at 0% volatility, a second peak at 20% and then at 

60-70%. There are a large proportion of subjects with a neopterin volatility of 0%, meaning their 

neopterin level was never raised above the cut-off value. At the other end of the scale, there are a 

few individuals whose neopterin volatility is considerably higher than the mean of 37.95%. 

Splitting across tertiles would lose the clinical nuances that this data is showing at the two 

extremes. For the purpose of this study, the clinical meaning of the results is of most interest, and 

equally due to the small sample size and power, statistical conclusions would be tentative 

anyway.  

2.4.6 Clinical characteristics of neopterin stratified groups 

With the individuals stratified into the 4 groups, some of the clinical characteristic data of each 

group have been detailed in table 2.5 and shown later in figure 2.12 and 2.13.  
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Table 2.5 Characteristic data from the four stratified groups, never raised, occasionally raised, 

often raised and considerably raised.  

Individuals were stratified into these groups by their neopterin volatility- the number 

of months out of 12 that their neopterin level was raised about a normal value of 

251µmol/mol creatinine. 

 Never Raised 

N=8 

Occasionally 

Raised 

N=13 

Often Raised 

N=8 

Considerably 

Raised 

N=16 

Age (Mean) 68.6 68.6 68.9 69.5 

Female (% of 

group) 

37.5 84.6 75 87.5 

Neopterin (Mean) 160.8 208.1 271.0 336.6 

Individuals with 

>1 comorbidity (% 

of group) at 

Baseline 

2 (25%) 4 (31%) 3 (38%) 9 (56%) 

Baseline Puretone 

average hearing 

level (mean) 

31.2 dB(HL) 27.5 dB(HL) 31.8 dB(HL) 29.8 dB(HL) 

Study End 

Puretone average 

hearing level 

(mean) 

33.52 dB(HL) 32.28 dB(HL) 37.7 dB(HL) 35.9 dB(HL) 
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Figure 2.12 Neopterin volatility groups, clinical characteristics and age-related risk factors. 

Green is never raised, yellow occasionally raised, orange often raised and red 

considerably raised. Only data for those who completed the whole study is included 

A) Average age in years of participants in each of the neopterin volatility groups, 

there is no significant difference in age between the groups. B) Percentage of 

male/female within each neopterin volatility group, except the never raised group 

there are considerably more females in each group than males.  

 C) Percentage of individuals within each group who are diagnosed with one or more 

chronic disease (cardiovascular disease and type 2 diabetes), those in the 

considerably raised group have 2.2x greater risk of having a co-occurring age-related 

condition than those in the never raised group at the study start. By the end of the 

study, a general increase in diagnosis of co-occurring diseases across all groups is 

observed. D) Percentage of smokers in each of the neopterin volatility groups that 

reported having regularly smoked and those still smoking at the time of the study. 

25% of those in the considerably raised group at the time of the study were smokers, 
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with smoking being a pro-inflammatory factor. E) Percentage of individuals within 

each neopterin volatility group who are prescribed statins. At baseline, 50% of the 

never raised group reported being prescribed statins which have anti-inflammatory 

properties, although this association is not consistent. 

2.4.7 Inflammatory marker levels of stratified groups 

Mean neopterin was calculated for each individual as an average (mean) of their monthly urinary 

neopterin to creatinine ratios. Those in the never-raised group had a mean urine neopterin level 

over 12 months of 160.8 µmol/mol creatinine (SD = 20.47). Subjects within the occasionally-raised 

group had a mean neopterin level of 208.1 µmol/mol creatinine (SD = 23.92). The individuals in 

the often-raised group had a mean neopterin concentration of 271 µmol/mol creatinine (SD= 

50.09). Subjects within the considerably raised group had a mean level of 336.6 µmol/mol 

creatinine (SD = 43.98). A one-way ANOVA demonstrates a significant difference between the 

mean neopterin concentration for each group F (3, 41) = 50.46, p < 0.0001. The effect size, 

calculated using eta-squared, was 0.8 which suggests a very large effect size (Cohen 1988). A 

Tukey post-hoc, multiple comparisons test revealed a significant difference between the mean of 

each of the groups when compared to each other at the p <0.05 level (Figure 2.13A). There is no 

significant difference between the mean age of individuals within each group, therefore the 

increase in mean neopterin concentration between groups is independent of increasing age 

(Figure 2.12A). When looking at the male/female ratio of each group, it is difficult to draw any 

firm conclusion as there were considerably more female subjects than males in the study, 

however results would suggest that the increase in mean neopterin concentration observed 

between groups is not due to sex (Figure 2.12B). Mean urine neopterin level for males was 214.78 

µmol/mol creatinine and for females was 261.86 µmol/mol creatinine, however females are 

known to have higher neopterin levels than men and this is well documented in the literature47.  

A one-way ANOVA found no significant difference in WBC or WBC differentials, between stratified 

groups based on neopterin volatility (WBC F (3, 41)= 0.4066 p =0.7490, Neutrophils F (3,41)= 

0.3566 p=0.7846, lymphocytes F (3,41) = 0.4734 p=0.7025, monocytes F(3,41) = 0.7576 p=0.5244) 

(Figure 2.13B). Similarly, cytokine levels in the neopterin volatility stratified groups showed no 

between group significance (TNF-α F (3, 39) = 0.2072 p=0.8908, IFN-γ F (3,39) = 0.2472 p=0.8628, 

IL-6 F (3,39) = 0.8566 p=0.4717, IL-1β F (3,39) = 0.2269 p=0.8771)(Figure 2.13C). Cytokine 

measurements were not made for two subjects. As these markers were all measured at a single 

timepoint only, in a similar way to other research in the area, individual fluctuations are not taken 

into account and therefore it is no surprise that no significant trend is observed. The neopterin 
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data collected over a 12-month period however, does show a significant difference between 

groups. 

 

Figure 2.13  Characteristics of the neopterin volatility stratified groups. 

Green is never raised, yellow occasionally raised, orange often raised and red 

considerably raised. A) Average urine neopterin level for each neopterin volatility 

group, the difference between groups is significant at the p<0.0001 level. B) Average 

WBC, neutrophil count, lymphocyte count and monocyte count for each neopterin 
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volatility group, one-way ANOVA’s showed no significant difference between groups 

for any of these markers. C) Average levels of cytokines TNF-α, IFN-γ, IL-6 and IL-1β 

for each neopterin volatility group, one-way ANOVA’s showed no significant 

difference between groups for any of these markers.  

2.4.8 Neopterin stratified groups and age-related disease/risk factors 

In the questionnaire, the cohort were asked about some co-occurring chronic diseases which are 

known risk factors for hearing loss and considered to be age-related conditions. These were 

cardiovascular disease (hypertension, valvular heart disease or coronary artery disease) and type 

2 diabetes. It was beyond the scope of this questionnaire to take a full medical history and to 

highlight all co-occurring chronic diseases, but these are some of the most commonly observed. 

The percentage of individuals within each of the stratified groups with one or more of these 

chronic age-related conditions was determined. In the never-raised group, 25% subjects had at 

least one age-related condition, 31% of the occasionally raised group, 38% in the often raised 

group and 56% in the considerably raised group (Figure 2.12C). The relative risk of having a co-

occurring age-related condition in the considerably raised group compared to the never raised 

group was 2.2, therefore an individual in that group is more than twice as likely to have a co-

occurring age-related condition than those in the never raised group. After 3 years, at the end of 

the study, the subjects completed the questionnaire again and it can be noted that there was a 

general trend that more individuals had been diagnosed with a co-occurring chronic disease, as 

would be expected with an ageing community314. An increase in percentage of the group with at 

least one age-related condition was seen for all groups except the considerably raised group 

which remained at 56%. Interestingly, the group with the least co-occurring chronic conditions 

became the occasionally-raised group (Figure 2.12C).  

Smoking is an identified risk factor for age-related hearing loss and chronic inflammation. 

Participants of the study where asked if they had been regular smokers and whether they had 

given up before they age of 40 (Figure 2.12E). The group with the highest number of regular 

smokers was the never raised group, followed by the considerably raised group. However, when 

looking at the numbers still smoking in each group, 25% of the considerably raised group were still 

smoking when taking part in the study compared to just 12.5% in the never raised group. 

Therefore, there were twice as many individuals still smoking in the considerably raised neopterin 

volatility group than the never raised group.  

Participants of the study were also asked if they had been prescribed statins (Figure 2.12D). 

Statins are cholesterol-lowering drugs that also have an anti-inflammatory effect. Therefore, it 
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might be expected that medicating with statins has an anti-inflammatory protective effect against 

inflammaging. On entering the study, 50% of the never raised group reported being prescribed 

statins, more than any of the other groups. However, by the end of the study this number had 

dropped to 38%. Other medications with known anti-inflammatory effects such as non-steroidal 

anti-inflammatory drugs (NSAIDs) and aspirin, were not asked about in the questionnaire, but 

should be included in any future work. 

2.4.9 Relationship between inflammatory profile and age-related hearing loss 

Pearson-product moment correlation coefficients have been used to look for relationships 

between variables of hearing loss and inflammation (factoring for age). There were no significant 

correlations between any of the measured markers of inflammation (neopterin, WBC differentials, 

cytokines) and degree of hearing loss (see table 2.6).  

However, when looking at degree of change in an individual’s hearing from the start of the study 

to the end, some clear relationships are seen. Neopterin volatility is positively correlated with 

change in high-frequency hearing (Worse ear HFA change), r= 0.334, n =45, p = 0.027, with high 

neopterin volatility being associated with greater change in high-frequency hearing. When 

grouping individuals into four groups based on their neopterin volatility (never raised, 

occasionally raised, often raised, considerably raised), this association becomes even stronger, r = 

0.401, n =45, p = 0.007. WBC (r = 0.398, n= 45, p = 0.0080, lymphocyte concentration (r = 0.485, 

n=45, p =0.001) and monocyte concentration (r = 0.488, n =45, p = 0.001) also show a positive 

correlation with change in high-frequency hearing. None of the cytokines demonstrate this 

relationship, although IFNγ is negatively correlated with low-frequency change, r = -0.470, n = 43, 

p = 0.002), with high levels of IFNγ being associated with stable low-frequency hearing.  

One of the main aims of this study was to investigate the relationship between neopterin volatility 

as a marker of chronic inflammation and progression of hearing loss. The pure-tone audiometric 

thresholds of every individual (categorised into neopterin volatility groups) were measured at 

baseline, end of year 1 and end of year 3. Figure 2.14A displays the average thresholds for each 

group across the three time points and figure 2.14B shows the audiometric averages for each 

neopterin volatility group.  
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Table 2.6 Correlation Matrix of inflammatory markers and degree of hearing loss (Puretone average at start and end of study). 

Factoring for age, no significant correlations are found between a measure of hearing and an inflammatory marker. Table lists correlation coefficient, ** 

correlation is significant at p< 0.01, * correlation is significant at p < 0.05.  

 

 PTAv Start/ 

dB HL 

PTAv End/ 

dB HL 

Neopterin Mean/ µmol/mol Neovolatility/% WBC Neutrophils Lymphocytes Monocytes TNFα INFγ IL6 IL-1β 

PTAv Start/dB HL  .940** .026 -.006 -.078 -.113 -.022 -.128 .136 -.175 .128 .132 

PTAv End/dB HL .940**  .094 .075 .001 -.057 .069 -.033 .158 -.215 .107 .151 

Neopterin Mean/ µmol/mol .026 .094  .912** .078 .017 .094 .147 .195 .083 .190 -.053 

Neovolatility/% -.006 .075 .912**  .123 .088 .100 .192 .153 .082 .149 -.023 

WBC -.078 .001 .078 .123  .903** .860** .876** -.005 -.018 -.055 .129 

Neutrophils -.113 -.057 .017 .088 .903**  .579** .673** -.024 .051 -.073 .197 

Lymphocytes -.022 .069 .094 .100 .860** .579**  .885** .002 -.136 -.031 .020 

Monocytes -.128 -.033 .147 .192 .876** .673** .885**  .024 .057 -.048 .005 

TNFα .136 .158 .195 .153 -.005 -.024 .002 .024  .454** .122 .307* 

INFγ -.175 -.215 .083 082 -.018 .051 -.136 .057 .454**  .190 -.007 

IL6 .128 .107 .190 .149 -.055 -.073 -.031 -.048 .122 .190  .022 

IL-1β .132 .151 -.053 -.023 .129 .197 .020 .005 .307* -.007 .022  
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Figure 2.14  Audiometric thresholds, averages and change for subjects in neopterin volatility 

groups (n=45). 

Green is never raised, yellow is occasionally raised, orange is often raised and red is 

considerably raised A) Average audiometric thresholds for subjects in each neopterin 

volatility group across baseline (solid line), year 1 (dashed line) and year 3 (dotted 

line). B) Mean baseline audiometric thresholds of Pure-tone average (PTA Av), low-

frequency average (LFA) and high-frequency average (HFA) for neopterin volatility 

groups. Higher threshold represents poorer hearing. C) Mean change in audiometric 

threshold averages over the course of the study (Baseline to Year 3) for each 

neopterin volatility group. 

A one-way ANOVA was performed for each audiometric average (PTA Av, LFA and HFA) between 

the neopterin volatility groups. For average hearing level, there was no significant difference 

between neopterin group for any of the three audiometric averages; Pure-tone average threshold 

F (3, 41) = 0.2358, p = 0.8709, low-frequency average F (3,41) = 0.3247, p = 0.8075, high-

frequency average F (3,41) = 0.05378, p = 0.9833. For change in hearing level from baseline to end 

of study (year 3) a Welch ANOVA was also performed for each of the audiometric averages. There 

was no significant difference between neopterin volatility groups for PTA Av (W (3.000, 20.28) = 

3.043 = p = 0.0523) or LFA (W (3.000,19.77) = 1.799, p = 0.1802).  The Welch’s ANOVA for high-

frequency average did show a significant difference between neopterin volatility groups W (3.000, 

19.60) = 9.164, p = 0.0005. Post-hoc Dunnett T3 multiple comparisons test, showed the significant 

comparisons to be between the never raised and the occasionally raised groups (p = 0.0110) and 

the never raised and considerably raised groups (p = 0.0016).  

Otoacoustic emission (OAE) responses were also measured at baseline and end of the study for 

each participant. To establish if there was a significant change in OAE response for baseline to 

year 3 for the members of the neopterin volatility groups, a repeat ANOVA was used, with 

neopterin volatility group as the between subject variable, frequency as the within subject 

variable and SNR as the dependent variable. A greater reduction in OAE SNR indicates worsening 

PTA thresholds. There was no significant difference in the change in OAE SNR between the 

neopterin volatility groups F (3, 205) = 0.8420, p = 0.4723 (see Figure 2.15).  
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Figure 2.15  Change in TEOAE responses for subjects in neopterin volatility groups. 

TEOAE responses at all frequencies for the ears that pass a screening at baseline and 

year 3 for the different neopterin volatility groups, green is never raised, yellow is 

occasionally raised, orange is often raised and red is considerably raised. 

2.4.10 Study attrition 

Sixteen participants did not continue in the study until its end. The data from these subjects has 

not been used in the analysis, however we sought to determine if there was any trend or stand-

out factor that separated the dropouts from those who completed the study. Four variables were 

considered, neopterin volatility, age, average white blood cell count and PTA Av, there was no 

significant difference between the average of each of these variables in the dropouts compared to 

the participants (Figure 2.16A). The neopterin volatility stratified group to which each of the 

dropouts would have been assigned to showed no significant favour to any particular group, with 

an even spread of dropouts from all of the groups (Figure 2.16B).  
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Figure 2.16  Analysis of the 16 participants who did not continue in the study to completion. 

A) A selection of variables assessed for differences between those who withdrew 

from the study and those who didn’t. There was no significant difference in any of 

the assessed variables between the two groups. B) The neopterin volatility groups to 

which the participants who withdrew would have been assigned, the spread of 

groups is even, so no bias to final results.
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2.5 Discussion 

In this study, we have established an individual’s underlying (longitudinal) inflammatory state by 

taking serial monthly urine neopterin measurements across a 1 year period. This negates the 

effect of fluctuations in inflammatory state over time which may be seen in cross-sectional 

testing. The purpose of establishing this information was to investigate the relationship between  

chronically raised inflammation, and the incidence and susceptibility of age-related conditions in 

older adults. We further investigated the relationship, with a focus on age-related hearing loss, to 

assess if a high inflammatory state is associated with poorer hearing and greater progression of 

hearing loss. There is evidence that low-grade chronic inflammation associated with ageing, is a 

key driver in many age-related conditions3,4. Control or reduction of inflammation may be a 

central target for therapeutic interventions in reducing the progression of age-related disease and 

increasing healthspan.  

We have demonstrated the use of neopterin volatility as a measure of inflammatory load and an 

alternative to using mean neopterin or one-off time point measures. Inflammaging can be viewed 

as a spectrum, at one end will be the healthy adult with no age-related chronic disease and 

normal levels of inflammatory markers, and the other end, an unhealthy individual with multiple 

chronic diseases and chronically raised inflammatory markers. There were 8 individuals in this 

study who never had a raised neopterin level (0% neopterin volatility) during the 12 months of 

the study and 3 individuals who had greater than 90% neopterin volatility during the 12 months. 

As only a few subjects had chronically raised inflammatory markers, using the actual level of 

neopterin would not correctly categorise the subjects effectively, therefore using neopterin 

volatility to demonstrate the frequency of inflammatory responses, the number of times 

neopterin was elevated over 12 months, better indicates their level of immune activation. This is 

based on the premise that the more frequent the systemic challenge, the more tissue injury 

caused, which has been shown in Alzheimer’s disease, where each infection or systemic challenge 

drives greater neuronal damage and greater decline in cognition313. Therefore, this study 

effectively demonstrates the utility of measuring frequency of inflammatory response as a way of 

assessing inflammaging, especially in people who do not have chronically elevated inflammatory 

markers.  

The use of urine instead of blood samples provides a non-invasive and easy way to obtain samples 

for monitoring purposes. Giving frequent urine samples for testing is preferable to individuals 

than regular blood sampling. Another benefit of using urine samples is that non-medical 

professionals or individuals themselves would be able to test urine neopterin without the need 
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for an appropriately trained individual to take blood. Additionally, blood samples would require 

specific processing, transport to a laboratory, and storage that would come with an associated 

cost. Comparatively urine samples would require less cost and have greater potential to be 

processed and analysed at the point of collection.  

Neopterin levels in the cohort were found to be associated with other markers of inflammation: 

blood markers and cytokines. When individuals were stratified into groups based on their 

neopterin volatility, a similar relationship between groups was seen for each marker, although 

none of these were found to be significant between-group, this is most likely due to the one-time 

point sampling of these markers.  

Neopterin measurements have been used to monitor disease progression in a variety of 

conditions8,11,270,315-317. Neopterin levels have been shown to correlate well with disease activity in 

autoimmune diseases such as Crohn’s disease because these diseases are modulated by 

proliferation of T-lymphocyte activity, which induces the production of IFN-γ to activate the 

neopterin pathway11. Neopterin levels have also been used to monitor the progression of certain 

malignancies and for their prognosis, as neopterin production may be induced in certain types of 

tumours10,268,269. It has also successfully been used as a prognostic marker in patients with chronic 

heart failure270. These studies provide evidence that neopterin measurement can be used as a 

monitoring tool in diseases that cause immune activation47.  

The results of this study have demonstrated that serial measurements of urine neopterin can 

identify an individual’s inflammatory baseline, and this is associated with prevalence of age-

related diseases. Based on individual neopterin volatility, the cohort were stratified into 

categories, from neopterin never raised, to considerably raised (>50% of the time). Those in the 

considerably raised group, had the highest prevalence of age-related diseases with more than 

twice the risk of having an age-related disease including cardiovascular diseases and type 2 

diabetes, than those in the never raised group. Other studies have shown associations between 

other inflammatory markers and age-related diseases, including frailty and age-related hearing 

loss5,32. Studies that have used neopterin as a marker to draw associations about age-related 

disease include those that have found plasma neopterin levels to be higher in patients with 

Alzheimer’s Disease60,266, another study has shown high neopterin levels in those with frailty when 

measuring serum neopterin at a single time point318. However, to date, to the best of the author’s 

knowledge, no study has investigated the association between longitudinal measures of neopterin 

and the occurrence and progression of age-related diseases. Also, no other study has looked at 

urine neopterin as a marker of inflammation in relation to age-related hearing loss. Other studies 

that have demonstrated elevated immune markers in association with age-related hearing loss 
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are only measured at a single time point, for example, the two large cohort studies by Verschuur 

et al. 6,7. In these large cohorts, the subjects were self-reportedly well with no acute illness. 

Therefore it could be assumed that their level of inflammatory marker was consistent with their 

usual baseline, additionally, because of the large sample size, the effect of a few people having 

acute inflammation would be negligible.  However, to overcome the issue of individual fluctuating 

inflammation levels, repeated measurement of an immune marker over a period time is a more 

reliable technique to truly reflect an individual’s immune status and therefore may be better 

associated with age-related chronic diseases. The fact that we have shown, in even a small cohort, 

that serial neopterin measures are associated with the prevalence of age-related chronic diseases 

strengthens the association between inflammaging/immune activation and age-related hearing 

loss.  

The study has investigated factors that affect inflammatory state such as smoking and statin use. 

Smoking has a known pro-inflammatory effect due to activating immune cells and inducing 

secretion of pro-inflammatory cytokines and chemokines, including IFN-γ319. We have seen that 

although over 60% of the never raised group report having smoked regularly, the majority of 

them had given up before the age of 40. Similarly, in the occasionally raised and often raised 

groups, most had given up before the age of 40. However, 50% of the considerably raised group 

reported having been a regular smoker, and 25% were still smoking at the time of the study. 

Statins are cholesterol-lowering drugs that have anti-inflammatory properties; they are known to 

reduce the levels of pro-inflammatory cytokines, especially c-reactive protein320. When looking at 

statin use within the cohort, on entering the study, 50% of the never raised group reported being 

prescribed statins which was more than any of the other groups and suggested that those taking 

statins are experiencing an anti-inflammatory effect. However, by the end of the study, this 

relationship was no longer observed, and overall no conclusion can be drawn based on statin use 

affecting neopterin volatility. A limitation of this study was that individuals were asked via 

questionnaire if they had been prescribed statins rather than if they were actively taking 

prescribed statins, non-adherence with statin use is a known issue321,322. Therefore, we can 

suggest that the report of statin prescription is a poor indicator of statin use. The effect of 

smoking and possibly statin use on inflammatory status that has been observed suggests that 

environmental factors such as these can alter an individual’s inflammatory profile and control 

inflammation which identifies an opportunity for possible interventions to prevent or reduce the 

progression of age-related conditions.  

The average audiogram of the individuals shows the typical configuration of hearing loss expected 

with ARHL- a bilateral high-frequency sloping loss80,202,204. Other studies have found that males 

have poorer hearing than females323, but with considerably fewer males than females in the 
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cohort, we cannot draw clear conclusions regarding gender-bias in the effect. Seventy-five 

percent of the cohort had a measurable hearing loss on testing at the start of the study compared 

to 89% by the end, which is typical of the prevalence of hearing loss expected in a cohort of this 

age79,323, with more people having a mild or moderate loss by the end of the study.  For all three 

audiometric averages (Pure-tone, low-frequency and high-frequency average), a significant 

difference in the average hearing level (dB HL) from baseline to end of the study was observed. 

The greatest change to the hearing throughout the study was in the high-frequency region, which 

is again where deterioration due to age is expected80,202,204.  

In this study, no significant correlation was found between any measured inflammatory marker 

and degree of hearing loss, however when looking at the degree of change in hearing from 

baseline to end of the study, significant correlations were seen for neopterin volatility, neopterin 

volatility stratified groups, lymphocyte and monocyte concentration. This identifies that assessing 

inflammatory profile via an inflammatory marker is not associated with an individual’s level of 

hearing loss, but rather with the progression of hearing loss over time. This supports the idea that 

chronic inflammation drives progression of age-related disease rather than disease onset or 

severity.  

When individuals were stratified into groups based on their neopterin volatility, a significant 

effect was seen in the degree of change to high-frequency hearing between groups over time. 

Particularly between the never raised group and the other groups. The mean change in high-

frequency average for the never raised group was 2 dBHL and 9dBHL for the considerably raised 

group, a 350% increase. Despite this significant increase, further work with a study over a greater 

duration is needed to validate this result. This is because although age-related hearing loss is 

reported to progress at a rate of about 1dB per year, the test-retest reliability of pure-tone 

audiometry is 5dB324,325, therefore at any one time, a difference in pure-tone threshold of 5dB 

would not be considered significant.  

Otoacoustic emission response is identified as decreasing with ageing326-328. While the argument 

could be made that the decline in OAE response is associated with the hearing loss that comes 

with ageing, other researchers are of the view that the decline in OAE response occurs even with 

normal hearing327,329. Only 11 ears, of the 90 tested in the cohort, had recordable TEOAE 

responses at all of the frequencies (1, 1.5, 2, 3 4 kHz) by the end of the study. Using a screening 

protocol that accepts 3 out of 5 frequencies being present, improved this to 45 ears. The results 

show a significant difference in the change of SNR between baseline and the end of the study for 

1, 1.5 and 2kHz TEOEAE. We expect to see the most change in high-frequency hearing but the lack 

of significant difference at 3 and 4kHz is most likely due to very few individuals actually having a 
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recordable TEOAE at these frequencies. When individuals were stratified into groups based on 

their neopterin volatility, there was no significant difference between groups for mean change in 

TEOAE SNR. A reason for this could be that inflammation has a greater influence on the stria and 

neural synapses which are rich in CNS immune cells and microglia, compared to the outer hair 

cells, which is the area responsible for OAE production. The lack of significant findings with TEOAE 

is also highly likely due to so few people having recordable OAEs within the study. Evidence in the 

literature suggests that anything more than a mild hearing loss is likely to lead to the TEOAE 

response being diminished330,331. Therefore, TEOAE SNR as a measure of change in hearing, 

although sensitive is not a reliable measure in a cohort of older adults. Pure-tone audiometry, 

which is indicative of the functioning of the entire auditory system, reflects a difference in 

inflammatory load compared with OAE, which essentially represents only outer hair cell function. 

In future work, other methods of measuring hearing should be considered, including speech in 

noise testing, many individuals with hearing loss not detectable via PTA will have a poor speech in 

noise capability due to dysfunction of auditory processing. As a measure that encompasses the 

entire auditory pathway, including auditory processing, this may be a more sensitive measure to 

changes in hearing.  

Frailty describes individuals who are in a state of increased risk of vulnerability to disease, 

disability and death, compared to others of the same age250. Connecting the clinical state of age-

related frailty with underlying biological age, as measured by biomarkers, is a goal. Frailty can be 

evaluated, and health status quantified, by the number of health deficits that individuals 

accumulate. Specifically, the frailty index (FI) is the ratio of the deficits present in a person, to the 

total number of potential deficits evaluated251. The FI has been used in many epidemiological and 

clinical studies to grade the degree of risk of several adverse outcomes, including mortality, health 

service use, hospital-acquired complications, worsening health, and loss of independence252-254, as 

well as conditions such as cognitive impairment255, heart disease256 and osteoporosis257. Another 

functional indicator of frailty is hand-grip strength (HGS) which is associated with inflammatory 

biomarkers258. A recent study in a cohort of middle-aged and older adults has shown that HGS is 

strongly associated with cardiovascular disease and therefore has the potential to be a valuable 

screening tool for cardiovascular risk in clinical settings. Where blood sampling is not possible, this 

will be highly advantageous because HGS is easily measured and highly reproducible332.  

A recent systematic review of biomarkers related to ageing recommends a range of serum 

measures as well as physical and cognitive assays in order to cover the full spectrum of ageing 

across body systems35. In contrast to physiological indices, there is a growing interest in the utility 

of molecular markers, specifically regarding DNA methylation333. The epigenetic clock is based on 

the measurement of DNA methylation at multiple sites and appears to correlate with biological 
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age and age-related risk more than chronological age333-335. Advanced glycation end products 

represent another potential biomarker that accumulates with age and in several age-related 

diseases336. Furthermore, increased levels of some advanced glycation end products are also 

associated with increased mortality in humans 337.  

Glycoprotein A (GlycA), a composite nuclear magnetic resonance (NMR) biomarker reflecting 

diverse inflammatory pathway activation has been shown to have much greater stability and 

lower intra-individual variability than single acute-phase proteins338. In population studies, GlycA 

is a robust predictor of disease-specific mortality, cardiovascular disease and cancer, even after 

adjusting for other inflammatory biomarkers339,340.  

The attrition rate in this study was high (26%); however, on investigation, nothing about the 

individuals who dropped out of the study appears significant. Some individuals were removed 

from the study at their own request due to health or time restrictions and others became 

uncontactable when we tried to arrange follow-up. We looked to see if those with the poorest 

health or poorest inflammatory profiles were the ones to drop-out on the speculation that they 

may have greater time pressure from health appointments, or even such poor health they 

physically could not attend, or possibly had even passed away. However, nothing significant about 

the individuals who did not continue in the study was discovered. In future work, study attrition 

may be improved by offering individuals an incentive to complete the study, i.e. an inflammation-

modifying intervention process.  

There is developing enthusiasm in the idea that treating the underlying biological process of 

ageing may influence the onset of many age-related conditions and diseases with a single 

intervention. In 2018, a multi-organisation partnership in the United Kingdom announced the 

formation of the “Innovative Therapeutics for Ageing Consortium” (iTAc), which aspires to 

accelerate the discovery and development of therapeutics for ageing. The consortium aims to 

address the lack of therapeutic interventions for multimorbidity and diseases related to ageing 

processes. Early phase drug discovery in iTAc will scout for, explore and exploit targets that are 

considered to constitute four major cellular mechanisms underpinning ageing: inflammation, 

cellular senescence, DNA damage and repair, and metabolic dysfunction137. 

There is an emerging body of evidence in both animal models and humans that supports causative 

links between increased physical activity and disease prevention and management, mediated by 

improved immunity. Interventions involving physical activity have improved symptoms of disease 

in a range of inflammatory and autoimmune disorders, with the benefits seen including 

improvements in microvascular and macrovascular function341  and decreased disease severity 

and pain in patients with rheumatoid arthritis342. However, evidence would also suggest that high 
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levels of increased physical activity throughout adulthood and not just in late-adulthood is 

necessary. A study was performed on non-elite cyclists who had maintained a high level of 

physical activity for most of their adult lives. The findings showed these individuals lacked many of 

the physiological changes expected with advancing age, such as loss of muscle mass and function 

(sarcopenia), reduced insulin sensitivity, elevated cholesterol and high blood pressure343. They 

also exhibited fewer signs of immunosenescence, including reduced evidence of a decline in 

thymic output, with a frequency of recent thymic emigrants similar to that seen in younger 

adults278.   An increase in systemic inflammation was also not observed with changes to regulatory 

T cell and B cell frequencies344,345 not being seen in the cyclists. However, the accumulation of 

senescent T cells was still observed comparably to age-matched non-exercising adults, suggesting 

that lifelong physical activity ameliorates rather than totally prevents immunosenscence278. 

Another study has also demonstrated maintained thymic output and naïve T cell frequency in 

males who had partaken in moderate-high intensity physical activity for an average of 25 years346.  

 

2.6 Conclusions and Future Work 

• Serial measurements of urine neopterin and neopterin volatility can determine an 

individuals’ inflammatory baseline and identify those with chronic systemic inflammation 

(inflammaging) 

• High neopterin volatility is associated with increased risk and co-occurrence of chronic 

age-related conditions 

• Being a current smoker is associated with increased neopterin volatility 

• Individuals with a recognised hearing loss increased from study baseline to end 

• High inflammatory baseline was associated with greater progression of hearing loss (high-

frequency hearing) 

• Transient otoacoustic emissions (TEOAE) are not a sensitive measure to change in hearing 

in older adults due to the loss of recordable OAEs with age and reduced hearing 

Future work will involve a longer study of at least five years with a larger cohort, this longer 

timespan will allow for greater change in hearing level to be observed which is greater than the 

test-retest reliability of pure tone audiometry. An investigation of other more sensitive measures 

of change in hearing as well as other measures of ageing, that could be incorporated would be 

beneficial. There is evidence that inflammatory changes even at a young age, can have an effect 

on inflammaging, so looking at a younger mid-life cohort may be interesting. Mid-life individuals 

may be more motivated to make lifestyle changes if they are found to be at risk of inflammaging. 
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Finally, using such a study for the assessment of interventions that could reduce progression of 

age-related disease by reducing inflammation could highlight beneficial therapies. Identifying 

those that may benefit from interventions will be possible through easier testing that individuals 

are able to do in their own home. For example, tests that correspond to frailty (hand grip 

strength), progression of disease (hearing testing, such as speech in noise), and regular 

inflammatory monitoring using a technique that has the ability to measure markers in urine 

within the home, will aid identification of such individuals.   
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Chapter 3 Development of a spectroscopy-based 

method for detecting and quantifying an 

inflammatory biomarker in urine 

3.1 Overview 

Chapter 2 demonstrates that monitoring the level of an inflammatory marker in an individual’s 

urine can give insight into their potential risk of age-related conditions. This chapter demonstrates 

the potential of Surface-Enhanced Raman spectroscopy (SERS) as an analytical tool for measuring 

a biomarker, neopterin, in urine. 

3.2 Introduction 

3.2.1 Barriers to routine monitoring using standard analytical approaches 

Urinary neopterin concentration can be measured using enzyme-linked immunosorbent assay 

(ELISA), radioimmunoassay (RIA) and high-performance liquid chromatography (HPLC); their use 

for determination of neopterin in urine is widely reported 9,11,13,58,347-351. Whilst these techniques 

are established, they have drawbacks: tests are only performed in specialised laboratories, involve 

time-consuming assay-based tests (resulting in slow results turnaround), expensive enzymes, 

sophisticated instrumentation and equipment, and can in some cases lack sensitivity. For example, 

to run a single sample through HPLC for measurement of both neopterin and creatinine (including 

disinfection/cleaning of the column between samples) would take more than an hour12, whereas 

in the same time you could measure hundreds of samples with ELISA/RIA. The cost to perform 

HPLC (in 2020) is around £7 per sample, although it varies considerably depending on what the 

sample is63. ELISA is cheaper; however, it has poorer accuracy and precision of measurement. An 

additional drawback of RIA is the handling of radioactive materials which requires specialised 

laboratories and costly waste-streams.  

For long-term monitoring of an individual’s baseline systemic inflammation, an alternate method 

that is rapid and inexpensive would be preferable. Such a method, or tool, could be employed in 

the clinical setting or an individual’s home due to its ease of use and low cost. Therefore, making 

it possible to regularly monitor an individual to identify those with consistently elevated neopterin 

levels (opposed to short periods of raised inflammation due to an acute illness) and therefore as 

demonstrated in chapter 2 ‘at risk’ of worsening age-related disease. 
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3.2.2 Surface-Enhanced Raman spectroscopy as a portable and sensitive analytical 

approach 

Surface-enhanced Raman spectroscopy (SERS) is a sensitive analytical technique with limits of 

detection down to fM and single-molecule14,352,353. SERS utilizes the localized surface plasmon 

resonance (LSPR) of metallic nanomaterials to enhance Raman signals354-357.  Raman enhancement 

is optimal when an analyte is located in close proximity to, or adsorbed onto, the metallic 

nanoscale surface. There is growth in the use of SERS for quantification of biologically relevant 

molecules 133,358-364 as it provides molecularly-specific information, is label-free, and can be 

performed directly in biofluids64,365-368. Raman spectroscopy has advantages over other well-

known analytical methods, including the use of portable spectrometers, allowing for point-of-care 

analysis of clinical samples. 

3.2.2.1 Improving reproducibility of SERS substrates 

For quantitation and to allow comparison between different analytical measurements SERS 

substrates need to be reproducible. Reproducible SERS enhancements require strict control over 

the material’s nanostructure and the location of the analyte. Colloidal SERS is commonly 

performed by aggregating nanoparticles with analytes resulting in plasmon “hot spots” of high 

enhancement. However, this approach offers poor control over the spatial proximity of the 

analyte to the “hot spot” resulting in low measurement reproducibility369. Other SERS substrates 

with good reproducibility exist, both commercially and in research, however, these usually involve 

high cost due to complex high-level manufacturing, making them unsuitable for high-throughput 

monitoring of samples.  

One way to improve quantification with colloidal nanoparticles is to use the Standard addition 

method (SAM), which is a well-established technique in analytical chemistry. SAM is useful when 

dealing with complex matrices, where many analytes compete for the “hot spot”, preventing 

accurate quantification of the desired analyte. SAM works by spiking known amounts of the 

analyte of interest into the sample, a plot of peak area against the concentration of spiked analyte 

will enable the unknown amount of analyte to be calculated. Several groups have demonstrated 

the use of SAM with SERS to quantify analytes in urine 113,133,370; however, the extra steps of 

spiking samples with multiple known amounts of target analyte, adds additional time and expense 

in terms of the number of samples, the number of measurements required and having a stock of 

target analyte. Therefore, such a method is less suitable for point-of-care SERS measurement.  

Another way to improve reproducibility is to employ an internal standard in SERS measurements, 

as first reported by Bell et al., who used an internal standard to compensate for temporal signal 
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variation when quantifying dipicolinic acid from Bacillus spores371,372. However, competitive 

adsorption between the target analyte and the standard is likely, and the method will not work 

above saturation of the nanoparticle surface373. Therefore, the ratio of analyte to standard is not a 

linear relationship. However, placing the internal standard molecules within the inside of core-

shell nanoparticles has been shown to improve the quantitative analysis of target molecules over 

a large concentration range374. Use of spacer molecules to control the nanogap between colloidal 

nanoparticles has also been used to control and improve reproducibility375; however, this still 

requires the use of aggregation agents which may interfere with the analytes in solution.  

An alternative approach is to use layer-by-layer (LbL) self-assembly to “freeze” plasmonic 

nanogaps between nanoparticles on a planar or colloidal substrate. Fabrication of plasmon-

tuneable, sensitive, quantitative, and self-calibrating colloidal SERS sensors has been reported376. 

Alternating coatings of gold nanoparticles (AuNPs) and polyelectrolyte “spacer” layers, controls 

the nanoparticle spacing in the radial direction. AuNPs are adsorbed directly from their colloidal 

suspension without the addition of any salt. Consequently, AuNP assembly creates a uniform 

deposition without polydisperse aggregates, enabling the controlled fabrication of sensors which 

are sensitive and reproducible for quantitative SERS measurements. These sensors are easily 

fabricated and the cost to produce and use is equivalent to using colloidal AuNPs.   

3.2.3 Measuring urinary neopterin to creatinine ratio 

Neopterin is a small biomolecule present in urine which can be used as a marker of systemic 

inflammation. Chronic systemic inflammation has been shown to play a role in health prognosis in 

a multitude of age-related conditions such as frailty159, cardiovascular disease377, hearing loss5,6 

and dementia378. Neopterin is produced from guanosine triphosphate by human monocytes and 

macrophages, after stimulation by interferon-gamma (IFN-γ)  derived from antigen-activated T 

lymphocytes47. Compared to blood, urine sampling is non-invasive. Urine is less protein-rich, so is 

less likely to suffer from matrix effects. Urine carries abundant metabolic information which can 

reflect health conditions within the body.  

Neopterin is expressed as the urinary neopterin-to-creatinine ratio (UNCR), measured in 

µmol/mol to normalize for glomerular filtration rate. A healthy non-inflamed individual will have a 

UNCR < 251µmol/mol 13,46,47,379. The main techniques used for the analysis of neopterin in urine 

include enzyme-linked immunosorbent assay (ELISA)58, radioimmunoassay (RIA)13 and high-

performance liquid chromatography (HPLC)13,379. HPLC is considered the gold-standard technique, 

however, as discussed in 3.2.1, Raman spectroscopy offers portable instrumentation capable of 
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point and shoot analysis, enabling the technique to be used in a point-of-care situation by clinical 

staff, or at home by the individual themselves. 

3.2.4 Raman analysis of neopterin in biofluids: limited evidence of clinical application  

There are few examples of Raman analysis of neopterin in biofluids. Raman spectroscopy has 

been performed on the urine of oral cancer patients121, using principal component analysis to 

characterise urine samples as ‘normal’ or ‘cancer’. Numerous metabolites were detected in urine, 

the spectrum for neopterin and the normalised Raman spectra of commercially available 

metabolites were found to differ in patients with oral cancer. A vibration for neopterin at 1283 

cm-1 was observed in both the normal and cancer subjects, however appearing as a shoulder in 

the normal subjects. Other peaks attributed to neopterin were seen at 1482 and 1512 cm-1 which 

were observed at higher intensity for cancer patients, than that of normal subjects, indicating 

there may be an increased contribution of neopterin in the urine of cancer patients. No other 

distinguishable neopterin peaks from the other components of urine were seen in the 

wavenumber region 500-1800 cm-1.  

Other work that has measured neopterin in body fluids is the work of Kamińska et al. utilising 

SERS with both zinc oxide films on silicon and gold-capped silicon substrates363,380,381. In their most 

recent work, they have developed SERS substrates with high reproducibility of measured signals, 

both within-substrate (RSD= 6.7%) and between-substrate (RSD= 8%), due to the uniform 

distribution of SERS-active “hotspots” across the substrate. The uniformity of distribution on their 

silicon/gold substrate is due to using an electrochemical etching process to generate porous 

silicon, the porosity and thickness of which is controlled by the etching process. They then use 

physical vapour deposition (PVD) to sputter a gold layer on top. They have used these substrates 

to measure the SERS intensity of the 695 cm-1 peak of neopterin in cerebral spinal fluid (CSF). In 

this study, they have compared the concentration of neopterin in normal CSF samples (4.3 

nmol/L) and samples infected by Neisseria meningitidis (54nmol/L). The demonstrated 

reproducibility of these substrates for measuring neopterin is excellent, however, the substrates 

require a fairly complex manufacturing process. A substrate with a simpler and cheaper 

manufacturing process would be preferable, although likely have a trade-off in reproducibility.  

3.2.5 Urinalysis with SERS is largely confined to classification of samples using multivariate 

analysis 

Label-free SERS analysis of urine has been largely confined to studies of cancers120,124,125,382, 

diseases383,384 and pharmacology362,385. Rather than absolute quantification of a biomarker, most 
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of these studies rely on multivariate analysis to classify a sample as healthy or diseased. For 

example, Huang et al.124 applied silver nanoparticles to the urine of oesophageal cancer patients 

and healthy volunteers, then used principal component analysis (PCA) combined with linear 

discriminant analysis (LDA) to differentiate the SERS spectra between normal and cancerous urine 

samples. Their results demonstrate diagnostic sensitivity of 87.5% and specificity of 83.3%.  

Label-free SERS analysis of urine without multivariate analysis has been demonstrated133,385-388. 

For example, absolute quantification of uric acid in urine by employing the SAM133. This method 

shows good agreement against HPLC with an average of <9% difference between the analytical 

approaches. However, despite improving quantitative accuracy, the SAM requires extra sample 

preparation and increased sample analysis, rendering it unsuitable for rapid point-of-care testing.  

3.2.6 Considerations for developing a novel analytical sensor 

The novel SERS sensors used in this work have been previously characterised376. They 

demonstrated highly reproducible measurements (RSD 8-12%) for a Raman reporter molecule (4-

MBA) and an enhancement factor of approximately 9 x 105. This characterisation was for sensors 

with two layers of AuNPs around a polystyrene core, using 633nm excitation. The enhancement 

factor is a useful measurement for eliminating the effects of both instrumental and Raman 

scattering cross-section differences. Such differences occur with different instrumentation and 

substrates utilised between laboratories. Caution is necessary when considering a substrate 

enhancement factor, as some of the numbers used in the calculation are not measured, but 

instead based on estimations and assumptions. Also, enhancement factor is based on a reporter 

molecule with strong surface affinity, and therefore complete surface coverage is assumed. 

Obviously, the affinity of “real-word” analytes will vary, and total surface coverage is not 

guaranteed.  

When developing a novel analytical device, there are validation and performance characteristics 

that need to be considered. These characteristics will determine the effectiveness of the device as 

an analytical tool. The Eurachem guide is an accredited guide to method validation for all 

analytical methods 389. For method validation, the guide recommends tools such as blanks, 

routine test samples, spiked samples and measurement standards. For method performance, the 

guide recommends characteristics such as selectivity, limit of detection/limit of quantification 

(LOD/LOQ), working range, analytical sensitivity, trueness and precision. Both the validation and 

performance of a novel analytical sensor need to be considered.  

Most SERS studies that involve quantifying an analyte focus on LOD/LOQ as the main 

measurement of performance. These measurements are useful for establishing the lowest 
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concentration that a sensor can detect or quantify, but actually have little “real-world” relevance. 

For example, what is actually more useful to know is how the sensor performs in the 

concentration range that is likely to be encountered with the target analyte. It is therefore 

recommended that with biofluids, sensor development should aim to have good accuracy for the 

physiological concentration of the target biomolecule390.  

Reproducibility of measurement with a SERS substrate is crucial for quantitative measurement. 

Reproducibility is notably very poor for colloidal SERS substrates and significantly better for solid, 

structured SERS substrates. Therefore, when developing a novel substrate, it is paramount that 

the reproducibility is assessed, ideally both within- and between- batches. In the SERS community, 

it is recommended that 100 individual measurements are made per batch when comparing 

colloidal batches, and tens of measurements of a surface for assemblies and solid substrates. To 

obtain a statistically significant result, SERS data should be averaged from 3-5 samples with a few 

100s of individual measurements per sample recorded under the same conditions and distributed 

over the reported area391.  

3.2.7 Research Gap 

In this work, we have developed a method that uses SERS sensors for quantitative analysis of an 

inflammatory marker (neopterin) in urine. Raman measurement of neopterin in biofluids has 

been demonstrated121,363,380,381, but to our knowledge, this is the first example of neopterin 

quantification in urine. We show for the first time that unlike other SERS substrates, our sensors 

can be used as a colloidal suspension, simply mixing with a urine sample for analysis. The method 

demonstrates comparable quantitative ability to other colloidal SERS methods and has the benefit 

of requiring no sample pre-treatment or multivariate analysis, thus making it a suitable technique 

for point-of-care testing with a portable spectrometer. This technique offers high sensitivity, 

specificity, simplicity and cost-effectiveness. Such an analytical system available at point-of-care 

will allow long-term monitoring of a patient’s immune system activation, which would be 

revolutionary in the monitoring of disease and health prognosis. 

3.2.8 Hypotheses 

• SERS sensors produced by layer-by-layer synthesis give more reproducible results than 

colloidal AuNPs and with increased SERS intensity/enhancement. 

• SERS sensors show both within- and between- batch reproducibility as well as being 

stable against deterioration in storage. 
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• Physiologically relevant concentrations of neopterin and creatinine can be quantified in 

urine with comparable values to the gold standard HPLC. 

 

3.2.9 Aims 

This chapter aims to demonstrate that SERS is a suitably sensitive technique for detecting 

neopterin in urine samples. In addition, the novel SERS sensors produce more reliable results for 

quantitative analysis than colloidal gold nanoparticles and that the ease of use and low-cost 

manufacturing of these sensors is far more suited to point-of-care testing than highly 

manufactured or commercially available SERS substrates.   

3.3 Methods 

3.3.1 Layer-by-layer SERS Sensor Fabrication 

SERS sensors were fabricated using a layer-by-layer (LbL) method described by Anderson et al.376. 

Silica microparticles (7.5µM, Microparticles GmbH Berlin) were used as a core on which iterative 

layers of Poly(ethyleneimine) (PEI) (Mw ~ 750 000 gM-1 50% (wt) in water, Sigma-Aldrich), 

poly(sodium 4-styrenesulfonate) (PSS) (Mw ~70 000 gM-1, Sigma-Aldrich) and citrate-capped 

AuNPs (40nm, 8% CV, 9 x 1010 particles per ml, BBI Solutions) were applied to form two AuNP 

layers. Sensors were diluted and stored in water at 4°C until use.  

 

Figure 3.1 Procedure for preparation of layer-by-layer (Lbl) SERS sensors involving iterative 

steps of applying polyelectrolyte layers and 40nm gold nanoparticles (AuNPs) to a 

silica microparticle. 

3.3.2 Synthetic Urine Preparation 

Synthetic urine was prepared according to the method of Villa and Poppi392. Sodium chloride 

(NaCl, Acros organics), potassium chloride (KCl, Sigma-Aldrich), sodium dihydrogen phosphate 

(NaH2PO4, Sigma-Aldrich), urea (Sigma-Aldrich), citric acid (Fisher) and bovine albumin (Fisher) 
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were added to 18.2Ω Millipore water and pH adjusted with sodium hydroxide (NaOH, Sigma-

Aldrich). Synthetic urine was stored at 4°C until use.  

3.3.3 Human Urine Handling 

Human urine samples were collected from healthy adults aged 65-75 years (NRES REC: 

13/SC/0507 and University of Southampton ERGO 7923). When received, the urine samples were 

centrifuged at 2000rpm at a temperature of 4°C for 10 minutes and stored at -20°C. Prior to use, 

samples were thawed at 4°C and kept in the dark with a foil covering, as neopterin is light-

sensitive. Prior to HPLC analysis, both synthetic and human urine samples were treated to remove 

protein by using spin-columns (Vivaspin 500µL 5kD, Sigma-Aldrich) and the filtrate taken for HPLC 

analysis.  

3.3.4 Neopterin and Creatinine Standards 

Neopterin (Tocris Bio-Techne cat no. 4656) and creatinine (Sigma-Aldrich C4255) standards were 

prepared by making a concentrated stock solution, 200μM Neopterin and 50mM Creatinine by 

dissolving neopterin and creatinine respectively into 18.2Ω Millipore water. To enable dissolution 

of neopterin in water, the container was vortexed and placed into a sonicated water bath (37°C) 

for 2 hours. Both stock solutions were then stored at 4°C (neopterin covered in foil) until ready for 

use. Calibration standards of each analyte were then prepared by serial dilution when required.  

3.3.5 UV-Vis analysis of layer-by-layer SERS sensors 

For confirmation of successful LbL assembly and to characterise the sensors, light microscope 

images and UV-Vis scattering data were obtained. UV-Vis scattering measurements were 

performed using an Ocean Optics DH-2000 UV-Vis-NIR source and an Ocean Optics USB2000 

spectrometer. The incident white light was collimated, and scattering spectra were collected 

orthogonal to incident radiation. Scattering measurements were taken of the prepared sensors, 

as well as colloidal 40nm AuNPs to characterise the red-shift in the scattering of the sensors 

demonstrating the surface plasmon resonance. The scattering measurements were normalised to 

correct for system spectral variation.  

3.3.6 HPLC analysis 

HPLC separation was conducted using a Gilson HPLC system (with a Shimadzu RF-10A 

Fluorescence detector and a Gilson UV/Vis- 155 detector) set up for reverse-phase using a 150 x 
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4.6 mm column with a 5µm particle size (Gemini C18 110A). For each injection, the run time was 

40 minutes. The mobile phase consisted of 25mM Acetic Acid, 10mM Sodium 1-octane sulfonate 

at pH 3. The organic buffer with 50% acetonitrile was increased in gradient from 0% to 100% over 

30 minutes at a flow rate of 1.0 ml min-1. The sodium-1-octane sulfonate (Sigma-Aldrich) acts as 

an ion-pairing reagent to increase retention time. Urine samples were analysed undiluted and at a 

1:4 dilution. Each sample (20µl) was introduced using an autoinjector. The retention time for 

creatinine was 21 minutes and neopterin 10 minutes, although the retention times were earlier 

when the urine samples were analysed. Neopterin was detected by fluorescence (excitation 

353nm, emission 438nm) and creatinine detected by UV absorbance (235nm). Repeated 

measurements were made for each sample and averaged. For creatinine, the spectra were 

background subtracted for water. Spectral analysis was performed in UniPoint software.  

3.3.7 SERS analysis 

SERS analysis was performed on a Renishaw InVia spectrometer (633nm HeNe laser, 6mW max 

output). The instrument was calibrated using a silicon wafer with a static spectrum peak at 

521cm-1. Lbl SERS sensors (0.1%, 5µL) were mixed with analyte/sample (20µL) by pipetting and 

measurements taken after a 10-minute incubation. A drop (5µL) of mixture was then pipetted 

onto an aluminium disc, and the microscope used to focus onto a single sensor. Experimental 

parameters were a one accumulation extended scan (500-1000cm-1 for neopterin measurement 

and 1500-2000cm-1 for creatinine measurement (although for some initial experiments a 

creatinine peak was used in the 500-1000cm-1 range)) with an exposure time of 10 seconds using 

a long working distance objective (Olympus, 50x, 0.55 N.A.). For each sample between 6 and 10 

spectra were collected for averaging. Processing was performed with iRootlab393 and Renishaw’s 

WiRE software (example of spectra before and after processing can be seen in Appendix D). 

Spectra were denoised using wavelet smoothing and baseline corrected with an 8th order 

polynomial in iRootlab. WiRE was used to curve fit and determine peak areas (example in 

Appendix E). For the batch reproducibility measurements, the measured creatinine peak (685 cm-1) 

was not normalised to another. For the other results, the peak area of the peaks at 1760 cm-1 and 

1850 cm-1 were taken with the 1760 cm-1 peak being from creatinine and the 1850 cm-1 peak 

being from the polyelectrolyte within the sensors and therefore acting as an internal standard to 

normalize the creatinine peak to. Similarly, for neopterin, the peak area of the peak at 695 cm-1 

was normalized to another internal standard peak at 887 cm-1. The wavenumber regions of the 

extended scans were chosen to focus on known peaks for neopterin and creatinine. 
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3.3.8 Data Analysis 

All data analysis was performed in GraphPad Prism 8 including correlations, regression analysis, 

Bland-Altman plots, paired t-tests, ANOVA and descriptive statistics. Mean peak areas were 

interpolated from standard curves produced for both neopterin and creatinine with both HPLC 

and SERS. 

3.4 Results and Discussion 

3.4.1 Development and Optimisation of Layer-by-layer SERS Sensors 

The SERS sensors have been fabricated to achieve controlled spacing between the two layers of 

gold nanoparticles (AuNPs). Two polyelectrolytes are used to form these spacing layers. Figure 3.2 

shows a schematic of a fully assembled SERS sensor, showing the layers and the formation of a 

“hot spot” (red circle) between the two layers of AuNPs. This fabrication process enables tight 

control over the separation of nanoparticles in the radial direction, therefore controlling with a 

degree of precision, the formation of “hot spots”. Compared to using colloidal AuNPs for SERS 

enhancement, these sensors should provide improved reproducibility.  

 

Figure 3.2 Schematic of a SERS sensor. 

Fabricated using a layer-by-layer process of coating a silica microparticle with 

polyelectrolyte and two layers of gold nanoparticles. Nanoparticle separation in the 
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radial direction is controlled and thus “hot spot” formation is controlled between the 

two layers, producing reproducible SERS sensors. 

UV-Vis scattering has been used to demonstrate the evolution of LSPR in the colloidal SERS 

sensors (Figure 3.3a). The λmax at 590nm represents singular AuNPs, whereas the red-shifted λmax 

at 850nm represents coupled AuNPs within the two layers on the SERS sensors. This information 

confirms that the two layers of AuNPs are in close enough proximity for LSPR to couple and form 

“hotspots”. This is similar to the λmax shift seen when colloidal AuNPs are aggregated; however, in 

the case of SERS sensors, the coupling is controlled as the AuNPs are fixed in space. Previous work 

has shown that colloidal SERS sensors prepared with 2 layers of AuNPs optimizes the SERS signal 

achieved using a 633nm excitation source376. In order to establish the optimum conditions for 

using the SERS sensors, several experiments were performed. Figure 3.3b shows that after a 10-

minute soak of the analyte/sample with the colloidal SERS sensors, the SERS intensity obtained is 

at a peak, which then starts to decrease. For this reason, we chose to incubate every sample with 

colloidal SERS sensors for exactly 10 minutes before analysis. It could be sensible to leave the 

incubation period longer, until the signal is stable (around 30 minutes), and depending on the 

sample and the application of testing, this may be a preferred option. However, for a point-of-

care type test, a smaller incubation time would be preferable. It is interesting that the intensity 

increases with incubation time to a peak, and then decreases again and before becoming stable. 

Reasoning for this could be due to movement of free analyte, it could be possible that over the 

initial 10 minutes, analyte is soaking into the sensors and signal intensity increases with analyte 

within the “hot spots” and close by, after 10 minutes, it is possible that analyte diffuses out of the 

sensors again, apart from that which has got “caught” within the layers. When multiple spectra 

are acquired from a single SERS sensor, the signal and therefore sensor are seen to deteriorate 

(figure 3.3c and 3.3d). Reducing laser power helps alleviate this, however this also leads to a 

reduction in SERS enhancement, which is counter-productive to what we are trying to achieve. 

For quantitative analysis, we have used maximum laser power, but each SERS acquisition is made 

from a separate SERS sensor within the sample rather than taking multiple acquisitions from a 

single sensor. 
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Figure 3.3 Results for optimisation testing of the SERS sensors. 

(a) UV-Vis scattering measurement of prepared SERS sensors and colloidal 40nm 

AuNPs demonstrating the evolution of LSPR. (b) The area under curve of creatinine 

peak with an increasing soak time of analyte with the sensor. An increase and 

subsequent decrease in intensity is observed, with optimum soak time being 10-20 

minutes. (c) The area under curve of creatinine peak with the time of acquisition. 

After 6 minutes (4 acquisitions) intensity obtained decreases as sensor degrades. (d) 

The area under curve of creatinine peak when multiple spectra are taken using a 

single sensor. With 100% laser power, maximum intensity is obtained; however, 

intensity decreases with each acquisition as the sensor degrades. 

3.4.2 Batch reproducibility and stability of SERS Sensors 

Assembly of the colloidal SERS sensors using the Lbl process was standardized to be as consistent 

as possible to ensure uniform SERS enhancement properties of the sensors. The reliability and 

stability of the fabrication process was assessed by taking multiple (100) SERS spectra of a 

standard sample (5mM creatinine) with two different batches of freshly prepared SERS sensors, a 

batch that had been stored at 4°C for one month, and with salt-aggregated 40nm colloidal AuNPs. 

All the spectra were analysed, and area under the curve of the peak at 675 cm-1 plotted. Figure 

3.4 shows the distribution of values within each batch as well as the consistently improved 
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enhancement achieved with SERS sensors over 40nm colloidal AuNPs. The mean areas under the 

peak for batch A and B were 7.0x105 and 7.1x105 respectively, compared to a mean of 4.1x104 

when using the colloidal AuNPs. The variance within batch A was 26.0% (RSD), and batch B 27.8% 

(RSD) compared to a variance of 120.3% (RSD) between the 100 spectra taken with the colloidal 

AuNPs. Similarly, the batch-to-batch reproducibility was evaluated by performing a one-way 

ANOVA. No significant difference (p=0.9655) was shown between the measurements from batch 

A and B, however a significant difference (p < 0.0001) was observed when batch A and B were 

compared to 40nm colloidal AuNPs. The stability of the SERS sensors is demonstrated, analysis of 

the data by a one-way ANOVA, shows no significant difference (p<0.0001) between the 

measurements taken with freshly prepared SERS sensors and those that had been stored for one 

month at 4°C prior to analysis.  

 

Figure 3.4 Verification of batch-to-batch reproducibility of the SERS sensors and improved 

enhancement over colloidal AuNPs. 

Mean (RSD) values: One-month-old batch 6.7x105 (25.1), Batch A 7.0 x105 (26.0), 

Batch B 7.1 x105 (27.8), Colloid 4.1 x104 (120.3). Appendix F shows processed spectra 

for these results. The raw and processed SERS spectra for this data can be seen in 

Appendix F. 

These results demonstrate the increased enhancement of the SERS spectrum observed with the 

SERS sensors compared to SERS spectra obtained using salt-aggregated colloidal AuNPs. The 

within-batch reproducibility of the spectra obtained with SERS sensors shows variation (RSD 26.0 

and 27.8%) but with significant improvement over the reproducibility obtained with colloidal 
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AuNPs (RSD 120.3%). Similar sample preparation and measurement is required whether using the 

SERS sensors or the colloidal AuNPs; therefore, the improved reproducibility with no additional 

sample preparation is a method enhancement. Analysis of the batch-to-batch reproducibility of 

the SERS sensors shows no difference in results obtained, suggesting there is no variation in 

formation or uniformity of the sensor in the manufacturing process. The SERS sensors are also 

shown to not deteriorate in storage, an additional promising feature.  

3.4.3 Neopterin SERS verification 

As with any analyte present in low concentration in a complex mixture, verification of SERS 

detection of neopterin in the presence of competing analytes was necessary. Known amounts of 

neopterin were spiked into samples of urine (standard addition method) with the peak height of 

the 685 cm-1 peak measured. 0,5,10,20 and 40μL of 100μM neopterin were added to samples of 

urine specimen to give a 100μL total volume, including 12.5μL of urine sample, 5 μL of sensors 

and water. For each prepared sample, 5 extended scans (100-2000 cm-1) were collected, averaged 

and processed (baseline subtraction and smoothing). The results are shown in figure 3.5, where 

the peak corresponding to neopterin at 685cm-1 can clearly be seen to increase in size with 

increasing neopterin concentration (figure 3.5B). The whole urine spectrum remains largely 

unchanged by the addition of the neopterin standard, as the changes are quite subtle and 

neopterin remains a weak Raman scatterer, however, knowing where to look in the spectrum it 

becomes more obvious (figure 3.5A and 3.5B). There is some change in the mid-spectrum region 

for the two higher volumes of neopterin, an overall increase in intensity in this region, and more 

defined peaks, this could be due to an interaction of the neopterin with other analytes in the 

urine, which only occurs when neopterin concentration reaches a critical amount within the 

sample. The measured peak heights of the 685 cm-1 peak are plotted against volume of neopterin 

added (figure 3.5C) which shows a sigmoidal concentration response similar to that of the 

calibration curve for pure neopterin. This figure could be used to calculate the concentration of 

neopterin in the urine sample as per the standard addition method, but this data is included here 

as a verification tool that neopterin concentration increases and is measurable despite being in 

the presence of competing analytes.   
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Figure 3.5 Verification of neopterin SERS measurement in a complex matrix of urine.  

Increasing volumes of neopterin standard (100uM) were added to samples of urine 

and SERS measurements made from SERS sensors within the sample. For each 

sample, 5 measurements were made before being averaged, baseline subtracted and 

smoothed. The volumes of neopterin added were 0, 5, 10, 20, and 40 μL of 

neopterin respectively.  
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3.4.4 Validation with synthetic urine samples 

The use of colloidal SERS sensors has been demonstrated previously, and optimized conditions 

established376. However, this is the first use of such sensors in a complex matrix such as urine. A 

concern in the analysis of urine is being able to detect the analytes of interest accurately in a 

matrix of competing molecules and signals. We aimed to establish whether physiologically 

relevant concentrations of creatinine and neopterin could be detected and quantified and how 

the measurements obtained compared to both an expected value and a value obtained via HPLC. 

Synthetic urine samples were prepared with known concentrations of creatinine and neopterin 

and blinded prior to analyses. The concentrations calculated from the SERS measurement were 

found to be in very good agreement with the expected concentration of each sample (R2 of 0.961 

and 0.991 for creatinine and neopterin) as shown in figure 3.6 E and F. Additionally, the 

agreement between the two analytical methods was good (R2 of 0.936 and 0.990 for creatinine 

and neopterin), demonstrating that at physiologically relevant concentrations, both methods 

perform equally well. The Bland-Altman analysis (figure 3.6 C and D) also shows the agreement 

between the two analytical methods, although there is bias for both creatinine (-0.0013) and 

neopterin (-0.24) these are both relatively small and insignificant for their concentration ranges. 

Measurements of neopterin have a larger associated error (error bars are 95% confidence 

intervals) which is most likely due to the much lower concentrations of the samples and possible 

deterioration of neopterin due to its light sensitivity13.   
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Figure 3.6 Results of expected vs measured synthetic urine samples  

A and B) Expected vs measured concentrations of prepared synthetic urine samples 

analysed by SERS with SERS sensors and HPLC. Good agreement between SERS 

measurement and HPLC is observed. Each synthetic urine sample was measured 3 

times for HPLC and 8 times for SERS before averaging. Mean plotted and error bars 

demonstrate 95% confidence intervals. C and D) Bland-Altman analysis of Neopterin 

and Creatinine concentrations measured by HPLC and SERS. -0.24 bias for neopterin 

and -0.0013 bias for creatinine.  E and F) Correlation between expected and 

measured concentration (for SERS only) is R2 = 0.961 and R2 = 0.991 for creatinine 

and neopterin respectively. Appendix H shows processed SERS and HPLC data for 
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these results. Appendix G shows the standard curves for SERS and HPLC used for 

these results. 

3.4.5 Measurement of urinary neopterin to creatinine ratio (UNCR) 

To further evaluate the validity of the SERS sensors, experiments were repeated with human urine 

samples from a cohort of volunteers with unknown amounts of creatinine and neopterin. As 

unaware of the concentrations present within the samples, and the likely high concentrations of 

creatinine that risked saturating the system, it was deemed appropriate to measure each sample 

undiluted and at a 1:4 dilution. The undiluted samples were used to make measurement of 

neopterin and the 1:4 diluted samples were used to make measurement of creatinine due to 

creatinine being too concentrated in the undiluted samples to get an accurate measurement. This 

allowed both analytes to be measured in an optimum concentration range based on the 

concentration profiles already established for both HPLC and SERS.  

The characteristic peaks for neopterin and creatinine were at 695 cm-1, and 1760 cm-1 and these 

were both normalized to peaks present in the colloidal SERS sensors from the polyelectrolyte 

layers acting as an internal standard. Having an inbuilt internal standard within the SERS sensor 

allows normalization of the analyte peaks to that of the standard, allowing for fluctuations in 

intensity. 

Table 3.1 shows a summary of the results from the two analytical approaches for each analyte, 

along with their associated percentage difference and the corresponding UNCR. As an example, 

for sample 03510, there was no difference in the creatinine predicted concentration between 

HPLC and SERS, HPLC predicted a neopterin concertation of 1.45µM, compared to 1.24µM 

predicted from SERS, a difference of 15.61%. Overall, for all samples analysed, the percentage 

difference between the two analytical approaches ranged from 0% to 40%, with the average 

being 12.77% for creatinine and 17.85% for neopterin. Although somewhat larger than ideal, this 

is still encouraging considering the low concentrations being measured (for neopterin) and the 

simplicity, ease and speed of the method compared to others published, demonstrating the real 

potential for point-of-care testing. 
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Table 3.1 Summary of results for human urine samples: HPLC, SERS and the associated percentage difference (RSD) between the two analytical 

approaches for neopterin(µM), creatinine(M) and UNCR(µmol/mol).  

The neopterin measurements were performed on undiluted samples and the creatinine measurements were performed on 1:4 dilution samples. Appendix I shows 

processed SERS and HPLC data for these results. 

Sample Creatinine 
HPLC/M 

Creatinine 
SERS/M 

Difference/% Neopterin 
HPLCµM 

Neopterin 
SERS/µM 

Difference/% UNCR 
HPLC/µMM-1 

UNCR 
SERS/µMM-1 

Difference/% 

SAMPLE 1 (0577) 0.006 0.006 0.000 0.70 0.71 1.42 121.13 126.93 4.68 

SAMPLE 2 
(03510) 

0.004 0.004 0.000 1.45 1.24 15.61 340.30 296.05 13.91 

SAMPLE 3 (0549) 0.004 0.003 28.571 0.81 0.99 20.00 225.98 295.53 26.67 

SAMPLE 4 
(05712) 

0.002 0.002 0.000 0.77 0.52 38.76 368.46 284.19 25.82 

SAMPLE 5 
(05711) 

0.010 0.009 10.526 2.50 3.40 30.51 257.89 391.16 41.07 

SAMPLE 6 (0207) 0.010 0.009 10.526 3.79 3.44 9.68 381.31 363.72 4.72 

SAMPLE 7 
(05412) 

0.015 0.012 22.222 3.58 3.47 3.12 238.47 288.80 19.09 

SAMPLE 8 (0518) 0.008 0.006 28.571 2.13 2.63 21.01 264.83 410.76 43.20 

SAMPLE 9 (0309) 0.006 0.004 40.000 1.22 0.82 39.22 196.93 215.90 9.19 

SAMPLE 10 
(04810) 

0.016 0.016 0.000 4.22 3.56 16.97 263.78 229.39 13.95 

SAMPLE 11 
(0458) 

0.013 0.017 26.67 6.49 6.34 2.34 512.47 374.55 31.10 
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To further establish the reproducibility of this SERS approach, we have analysed 6 samples (one 

synthetic and 5 human urine) in triplicate (table 3.2). Batch-to-batch variation and reproducibility 

of SERS enhancement are significant factors for determining a SERS substrate’s suitability for 

quantitative measurement394. Inconsistent enhancements are often seen with colloidal substrates 

due to variations in colloidal concentrations and nanoparticle aggregation. Colloidal SERS sensors 

overcome these issues, and we have already shown that there is no statistical significance 

between measurements taken with separate batches (figure 3.4).  

 

Table 3.2 Measured concentrations of Creatinine (M) and Neopterin (µM) in urine samples, 

measured in triplicate with SERS using Lbl sensors.  

Each triplicate sample was prepared and analysed separately. Appendix H and I show 

processed spectra for these results. 

Sample Creatinine/M Creatinine/M Neopterin/µM Neopterin/µM 

Mean %CV Mean %CV 

A 0.0115 0.0134 0.0092 0.011 18.35 2.595 1.447 2.028 2.023 28.36 
Sample 2 
(03510) 

0.0044 0.0042 0.0038 0.004 7.34 1.255 1.243 0.926 1.141 16.33 

Sample 12 
(0355) 

0.0016 0.0020 0.0018 0.002 12.28 0.686 0.632 0.719 0.679 6.48 

Sample 1 
(0577) 

0.0056 0.0060 0.0057 0.006 3.98 0.709 0.811 0.597 0.706 15.11 

Sample 5 
(05711) 

0.0087 0.0078 0.0072 0.008 9.61 3.398 2.839 2.307 2.848 19.15 

Sample 4 
(05712) 

0.0018 0.0027 0.0032 0.003 26.15 0.525 0.583 0.928 0.678 32.11 
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Figure 3.7 Summary of results for the triplicate analysis of urine samples. 

Average concentration from triplicate measurement for neopterin(µM), 

creatinine(M) and the relative standard deviation (RSD, % difference) between 

measurements. Appendix H and I shows processed SERS spectra for these results. 

As an example, for sample 0577, the percentage difference in the three measurements obtained 

for creatinine was 3.98% and for neopterin 15.11%. The average percentage difference for 

triplicate analysis is 12.45% for creatinine and 17.75% for neopterin, thus demonstrating 

reasonable precision and overall reproducibility.  

 As a quick and simple analytical alternative to HPLC that does not require any sample preparation 

steps (other than dilution and mixing), the addition of standards such as that required for SAM, 

use of expensive immunochemistry or multivariate analysis; quantification with colloidal SERS 

sensors can be achieved with good enough accuracy and precision to be considered a valid 

method. 

3.4.6 Stratification of results into ‘risk’ categories/screening tool 

We have demonstrated that SERS using the colloidal SERS sensors can quantify two analytes of 

interest, creatinine and neopterin, in the complex matrix of urine. The benefit of measuring these 

two compounds is to determine the UNCR as a marker of immune system activation. Individuals 

with a consistently raised UNCR (>251µmol/mol(cut off value from literature47)) are more 
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susceptible to age-related diseases and poorer prognosis of disease. Therefore, can this analytical 

method be used as a screening method to determine a clinically relevant factor? i.e. which 

individuals are ‘at risk’ of poorer disease prognosis. After calculating the UNCR for each urine 

sample, we have then stratified it as high or low risk depending on the 251µmol/mol threshold 

and compared the stratification results to those obtained via the HPLC measurements and looked 

at the agreement (taking the HPLC measurements as gold standard).  

Screening sensitivity was found to be 83%, and screening accuracy 72%   

𝑆𝑆𝑁𝑁𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑁𝑁𝑁𝑁𝑣𝑣 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝐹𝐹𝑅𝑅𝐹𝐹𝑃𝑃𝑇𝑇 𝑁𝑁𝑇𝑇𝑁𝑁𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇

,  

𝐴𝐴𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁𝑣𝑣𝑒𝑒𝑣𝑣 =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑇𝑇𝑁𝑁𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝐹𝐹𝑅𝑅𝐹𝐹𝑃𝑃𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑇𝑇𝑁𝑁𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝐹𝐹𝑅𝑅𝐹𝐹𝑃𝑃𝑇𝑇 𝑁𝑁𝑇𝑇𝑁𝑁𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇

  

 

Table 3.3 UNCR(µmol/mol) values obtained for urine samples via HPLC and SERS and 

agreement of risk stratification between two methods (presuming HPLC correct as 

gold standard). 

Results demonstrate agreement in risk stratification as high/low UNCR (above or 

below 251µmol/mol) for 8 of the 11 samples, demonstrating for screening 72% 

accuracy and 83% sensitivity. 

Sample UNCR HPLC/µMM-1 UNCR SERS/µMM-1 Correct stratification 
as high/low risk 

0577 121.13 126.93 Yes 

03510 340.30 296.05 Yes 

0549 225.98 295.53 No (false +ve) 

05712 368.46 284.19 Yes 

05711 257.89 391.16 Yes 

0207 381.31 363.72 Yes 

05412 238.47 288.80 No (false +ve) 

0518 264.83 410.76 Yes 

0309 196.93 215.90 Yes 

04810 263.78 229.39 No (false -ve) 

0458 512.47 374.55 Yes 

Assuming the stratification based on HPLC results to be accurate (as gold standard), we found 8 of 

our 11 samples made the correct assignment of high/low risk based on UNCR < or > 251 µmol/mol. 

Allowing for a small sample size (n=11) this demonstrates the SERS method to have 72% accuracy 

and 83% sensitivity as an analytical tool to stratify individuals into risk category based on their 
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level of inflammatory marker -neopterin in their urine. Two of the three samples that weren’t 

correctly assigned are close in concentration to the 251 µmol/mol cut-off, therefore, it may be 

advisable to have a testing protocol whereby if a sample concentration comes out as within 15% 

of the cut-off value (213-289 µmol/mol), then it should be re-analysed at a different dilution.    

3.5 Limitations 

This work has demonstrated within batch reproducibility of novel SERS sensors of 26% (RSD) 

when measuring a single analyte peak. Improved reproducibility is shown when using an internal 

standard peak against which to normalise the analyte peak. Urine samples measured in triplicate 

have shown reproducibility in the range of 12-18% (RSD). These measurements compare well to 

even commercially available SERS substrates. Reproducibility has been assessed with two 

commercially available substrates, Klarite and QSERS, using Rhodamine-6G as an analyte, the 

reported reproducibility range from 13- 21.41% (RSD) depending on whether peak area or peak 

intensity was measured391. Equally, reproducibility of neopterin measurement in urine with ELISA 

has been shown to be around 14%. Therefore, our obtained reproducibility with analytes in a 

complex matrix such as urine, without the cost of commercially available substrates or expensive 

reagents, is promising. Additionally, when considering the method proposed in this chapter, 

utilising the SERS sensors to measure UNCR in urine samples, the sensitivity of screening an 

individual’s urine to categorise them as ‘at risk’ is 83% which is a reasonable sensitivity for a 

screening test. Other screening tests that are based on lateral flow devices or ELISA for example, 

show sensitivities with similar values. For example, a ELISA and lateral flow immunoassays for 

SARS-CoV-2, are on average around 80%395.  

Although promising, it is likely that the SERS sensors performance in measuring analytes in urine 

samples could be improved, as chapter 4 will demonstrate. Additional validation measurements 

are also recommended for good analytical practice, such as recovery rate and root mean square 

error (RMSE)390. Recovery rate is the ratio of the detected concentration to the actual known 

concentration in the sample. RMSE gives an estimation of the precision of the SERS sensor and is 

best calculated on a validation data set to determine the predictive power of the sensors. 

3.6 Conclusions 

We have demonstrated for the first time the use of colloidal SERS sensors as a substrate for SERS 

of urine. Optimized conditions for using the sensors have been established and used to measure 

two analytes- neopterin and creatinine, with improved enhancement and reproducibility over 

using colloidal AuNPs.   
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To validate the use of colloidal SERS sensors, we analysed synthetic urine that was prepared with 

known concentrations of neopterin and creatinine and established that the SERS method could 

quantify the concentration of each analyte with good accuracy. There was good agreement 

between the SERS and HPLC results that were used for benchmarking. 

We have further demonstrated the analytical capability of this technique when using human urine 

samples and found promising results with good reproducibility when performed in triplicate.  

We can conclude that the technique provides promise as an analytical method for absolute 

quantification of two biologically relevant biomarkers in urine. As a tool for stratifying individuals 

into ‘risk’ categories based on their level of immune system activation, the technique works well.  

The benefits of SERS as an analytical technique are clear; the acquisition is fast allowing multiple 

spectra to be taken (averaging would improve results), portable equipment would allow it to be 

used at point-of-care in a clinical or home setting, it is highly sensitive and molecularly specific, 

and requires no need for markers or labels. Additionally, our technique requires no sample 

preparation or complex spectral analysis; therefore, could easily be carried out by an ‘untrained’ 

individual such as clinical staff or patient.  
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Chapter 4 Towards Point-of-Care testing: a paper-based 

lateral flow assay for SERS detection of 

inflammatory marker in urine 

4.1 Overview 

Chapter 2 evidenced the clinical reasoning behind measuring neopterin and creatinine in urine, 

and the benefit that monitoring at point-of-care would provide. Chapter 3 demonstrated that 

SERS, as a technique in combination with our fabricated sensors, can with reasonable accuracy 

and reproducibility, measure these molecules in samples of urine. This chapter aims to develop 

the SERS sensor technique into something that would be useable at the point-of-care; the 

feasibility of paper-based devices for a SERS lateral flow assay is demonstrated, and the proof-of-

concept that the paper device can separate the analytes of interest via paper chromatography is 

shown. 

4.2 Introduction 

4.2.1 The challenge of developing point-of-care testing  

Point-of-care testing (POCT) is defined as biochemical testing at or near the site of patient care, 

whenever the medical care is needed 396 and that yields immediate acquisition of information on 

an individual’s condition to facilitate treatment decisions or more extensive testing 397.There is a 

clinical drive towards POCT for more efficient clinical diagnosis and improved patient care 398. 

The global POCT market is expected to reach USD 39.96 billion by 2021 with a compound annual 

growth rate of 9.8% 399. Emerging technological innovations in smartphones, biosensors, lab-on-a-

chip and wearable devices are transforming the point-of-care diagnostic market. The driving force 

behind these innovations in healthcare is to provide expedited, clinically informative results, 

whether the patient is seen in a clinical setting or their own home. The point-of-care (POC) 

diagnostics industry will be part of a paradigm shift from curative medicine to predictive, 

personalised and pre-emptive medicine.  

The required features of point-of-care devices are 398: 

1. Simple to use 

2. Reagents and consumables are robust in storage and usage 
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3. Results should be concordant with an established laboratory method 

4. Device together with associated reagents and consumables are safe to use 

Currently, most chemical and biochemical analysis is performed using mass spectrometry (MS), 

liquid chromatography (LC) or the combination of the two LC/MS, which is unrivalled for both 

sensitivity and specificity. However, these methods are confined to laboratories and analysis 

turnaround times are prolonged. Compact and lightweight instrumentation that can be used at 

the POC is desirable.  

The biggest challenge for emerging POCT technologies to be translated into clinically and 

commercially viable products, is the demonstration of high analytical precision and reproducibility, 

for analyte quantification in large numbers of patient samples, without significant interference 

from other substances. Additionally, the technology needs to be validated by accredited 

technologies. Batch-to-batch variability and quality control can also be problematic, particularly 

for paper-based assays 400,401.  

For early diagnosis of a disease, a POCT relies on detection of biomarkers in low concentration in 

complex body fluids such as blood and urine. Many devices currently being used for POCT are 

colorimetry-based lateral flow assays (LFA) because they are low in cost, provide rapid analysis in 

a user-friendly (non-expert) format. However, detection sensitivity is limited, and they cannot 

provide a quantitative measurement. The obvious example of this is the pregnancy test, a lateral 

flow immunoassay. These assays typically use gold nanoparticle (AuNP) labelled antibodies to give 

selective detection of the target analyte, with the colour change being detected by eye. If the 

analyte is present in too low a concentration, it may be insufficient to elicit a colour change and 

therefore would give a false negative result. Equally, at high analyte concentrations, the intensity 

of the coloured line reaches a ceiling effect because it is limited by the number of labelled 

antibodies becoming saturated. Using a reader to determine the colour density can give a 

semiquantitative measurement, but this is limited by low sensitivity and precision402,403. It is also 

not possible to detect multiple analytes at the same time because although different antibodies 

conjugated to AuNPs can be used for different target analytes, a reader cannot distinguish 

between the two. Raman spectroscopy (Surface-enhanced Raman spectroscopy (SERS)) combined 

with a lateral flow assay can overcome these issues as it combines high sensitivity, quantification 

and multiplexing which has been extensively demonstrated404-415. Several reports have 

demonstrated combination of SERS with LFA for health diagnostic applications405,409,416-418. 
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4.2.2 The need for point of care testing- a global pandemic driving force 

With the current global pandemic (SARS-CoV-2) highlighting the need for super-rapid diagnostic 

tests, never has there been a greater demand for on-the-spot, user-friendly testing methods. This 

year (2020) has seen a huge drive in diagnostic research lead by a need to find cheaper, better, 

faster, diagnostics with exceptional sensitivity.  

In the first 6 months of 2020, more than 20,000 articles have been published on SARS-CoV-2. 

Research into testing has focused on both direct molecular diagnostic testing for current viral 

infection, as well as antibody testing to assess possible immunity to subsequent infection. A global 

pandemic certainly motivates research efforts worldwide. 

There are a lot of questions and considerations including how to collect a specimen, which 

specimen to collect, when to collect it during the course of the disease, as well as which are the 

best methods of testing. At present, the recommended diagnostic test involves detection of viral 

RNA using nucleic acid amplification tests (NAAT) such as polymerase chain reaction (PCR)-based 

tests, with the recommended sample being a nasopharyngeal swab. The virus can be detected in 

other specimens, such as blood, saliva and stools, but these have generally been shown to be less 

reliable at present419. However, it is strikingly apparent that the upscaling of these tests to process 

the volumes of samples that require testing is inadequate.  

Other testing has focused on antigen detection; several rapid antigen tests have been proposed420  

mostly focusing on lateral flow immunoassays. The advantages of the antigen tests are their 

rapidity, 10-30 min instead of hours, for NAAT testing, ease of interpretation, and limited 

technical skill and infrastructure required. However, the sensitivity is low, and the specificity is 

poor421 as there is potential for the non-specific cross-reaction with other human coronaviruses422. 

Monoclonal antibodies specifically against SARS-CoV-2 are in development. In published studies 

on the diagnostic performance of rapid assays, the sensitivity and specificity ranged from 9% to 

88.6% and from 88.9% to 91.7%, respectively423-435. Of note, the sensitivity of these tests 

performed in countries other than China were substantially lower than those reported for studies 

conducted in China. Antibody-based approaches are hampered by their relatively slow 

development compared to nucleic acid tests and are time-consuming and expensive to produce. 

Reviews of current commercialised technologies focused on COVID-19 diagnosis have been 

published436,437.  

The severity of disease with SARS-CoV-2 is greater in those with pre-existing comorbidities such as 

cardiovascular conditions438-440. As well as comorbidities, several risk factors such as high D-

dimer441, neutrophils442, liver damage443, and deranged clotting444 have been associated with 
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disease severity. Zhou et al. have developed a predictive risk model to accurately predict those 

who will have severe disease without taking into account disease symptoms or requiring chest 

imaging. Their risk score includes gender, age, hypertension, stroke, diabetes mellitus, ischaemic 

heart disease/heart failure, respiratory disease, renal disease, increases in neutrophil count, 

monocyte count, sodium, potassium, urea, alanine transaminase, alkaline phosphatase, high 

sensitive troponin-I, prothrombin time, activated partial thromboplastin time, D-dimer and C-

reactive protein, as well as decreases in lymphocyte count, base excess and bicarbonate levels445. 

Their model is based on test results taken on the day of admission into hospital and looked at an 

outcome of need for intensive care admission, intubation or all-cause mortality. This model 

showed an excellent predictive outcome value in the 4445 patients included who tested positive 

for SARS-CoV-2. Those patients with the outcome of intensive care admission, intubation, or all-

cause mortality, had a significantly higher risk score (median: 19, 95% CI: 14-24, max: 37) than 

those who did not (median:8, 95% CI:5-11, max: 34)445.  

Currently, the availability of simple clinical risk scores for risk stratification is limited. The COVID-

GRAM predicts the development of critical illness, based on symptoms, radiograph results, clinical 

and laboratory details446. Similarly, the 4C Mortality Score includes eight variables readily 

available at initial hospital assessment: age, sex, number of comorbidities, respiratory rate, 

peripheral oxygen saturation, level of consciousness, urea level, and C-reactive protein447.  

The First Affiliated Hospital, Zhejiang University School of Medicine also recommends the 

surveillance of inflammatory response biomarkers for the SARS-CoV-2 infection: C-reactive 

protein, procalcitonin, ferritin, D-dimer, IL-4, IL-6, IL-10, TNF-α and INF-γ. Low total number of 

lymphocytes at the onset of disease is also an indicator of poor prognosis.  

FebriDx is a commercially available POC device that measures C-reactive protein and myxovirus 

resistance protein A (stimulated by interferon-alpha/beta cells), to distinguish between acute 

bacterial and viral infections. FebriDx has been shown to have reasonable diagnostic accuracy in a 

hospital setting with high COVID-19 prevalence, outside of influenza season. More research is 

needed to establish the accuracy of the test when used in a lower COVID-19 prevalence area, or 

when other respiratory infections are in circulation448.  

Clearly, the use of additional biomarkers such as inflammatory markers could help diagnose and 

predict risk of severity of SARS-CoV-2. The biosensing community has been urged to create 

affordable, rapid, sensitive and multiplexed systems amenable to mass production in order to 

detect these biomarkers simultaneously.  
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4.2.3 Utilising intrinsic molecular characteristics of the target analyte-Raman spectroscopy 

for point-of-care testing 

Raman spectroscopy is a form of vibrational spectroscopy. Molecularly-specific information is 

gleaned from the spectrum of scattered light that occurs due to the vibrations that occur within 

each molecule. The spectrum of scattered light is characteristic of, and can therefore be used to 

identify, molecules. Raman spectroscopy is an ideal analytical technique for POCT; it is suitable for 

measuring aqueous samples without any destruction to the sample or need for labels. One 

disadvantage is that the Raman signal can be weak and difficult to detect, particularly with 

molecules in low concentration, thus limiting its use in biomedical applications. However, the 

inherently weak Raman signal can be enhanced by utilising plasmonic metal nanostructures, a 

technique known as surface-enhanced Raman spectroscopy (SERS). In recent years, studies have 

begun to be published which use SERS to detect human diseases such as neurological 

diseases449,450, diabetes451, kidney disease452 and cardiovascular diseases453. Additionally, multiple 

cancers, such as breast, lung, colorectal, and viral diseases including influenza, hepatitis, HIV and 

those responsible for tropical diseases, have also been detected by SERS449.  

Research in the Raman field largely uses benchtop spectrometers because they provide good 

accuracy, high sensitivity, excellent resolution and multiple excitation wavelengths. However, due 

to their size and complex operation, they are not suitable to be used at POC. Portable hand-held 

Raman devices are also available and have been used for on-site, real-time Raman 

spectroscopy454-456. The miniaturisation of the Raman components that is necessary to make a 

hand-held device results in some loss to the sensitivity of the Raman signal, but with a suitable 

low-cost but well-performing SERS substrate, the amplification of the Raman signal can make 

SERS-based POCT possible. Another alternative is smartphone-based Raman systems; a 

smartphone Raman spectrometer in combination with SERS devices made from low-cost filter 

paper and silver nanoparticles has been demonstrated457.  

In a recent review, Restaino and White identify critical criteria that should be met for POC SERS458: 

• Individual sensors (devices) must be inexpensive, enabling a low per-test cost 

• Instrumentation must be portable, preferably handheld 

• The usage procedure must be rapid and easy-to-perform, preferably single-step with 

minimal instrument precision required 

• Detection limits must be sufficiently low in order to measure trace levels of the target  

There is growing interest in the use of microfluidic devices with SERS459,460. Microfluidics are 

attractive for POCT with SERS analysis due to the possibility of integrated sample preparation 
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within the device. However, fabrication becomes complex when trying to engineer the 

interactions between the analyte and plasmonic nanostructures within the device. This 

fabrication complexity is costly and would not result in devices suitable for POCT as they would be 

expensive to produce in bulk. Additionally, sample-loading into a microfluidic device is non-trivial, 

a desirable device would have a world-to-device interface that enables easy sample collection, e.g. 

a dipstick that is pipette and tubing free.  

4.2.4 Using paper as an alternative cost-effective but reproducible substrate  

Nanoparticles in colloidal aqueous solutions have routinely been used as SERS substrates; 

however, their use is limited due to poor stability and low reproducibility. Micro- and 

nanofabricated sensors deliver large enhancement with high-level reproducibility because they 

are very controlled, each location on a sensor is very much like all other locations on that sensor, 

and all sensors from a batch are alike. Current methods of fabricating efficient SERS substrates 

include the immobilisation of metallic nanoparticles on rigid substrates (glass, quartz and silicon) 
461,462, or the fabrication of metallic nanostructures using lithography107. However, these methods 

are high cost, have long preparation times and sophisticated manufacturing techniques.  

An alternative approach is to use paper-based substrates with their low-cost, ease of manufacture 

and lower environmental impact463.  Paper is porous, and therefore metal nanostructures can 

easily be deposited into it. Paper is also inexpensive and flexible, making it suitable for low-cost, 

high-throughput production. Other useful features of paper-based devices are its flexibility and 

large surface area, making it suitable for collecting samples by way of swabbing as reported by 

Lee et al.464. Another advantage for sample collection is that liquids can wick through paper, 

enabling the passive transfer of samples without the need for manual pipetting or pumps. This 

means devices can be used as a dipstick rather than manually collecting the sample and 

transferring it to the device, it can simply be dipped into the sample and analysed.  

To achieve SERS enhancement, the nanoparticles (similar to colloidal systems) need to be closely 

spaced or aggregated within the paper substrate to achieve high signal enhancement. The 

distribution of the plasmonic nanostructures in paper substrates is likely to be completely random 

because of the surface topology of the paper and the deposition/formation of the nanoparticles. 

This may result in clustering, leading to the SERS signals from one spot on the device being 

unequivalent to another spot. The best reproducibility across paper SERS devices that have been 

reported range between 10 and 15%465-471. Reproducibility can be improved by sample averaging 

across the device, averaging across multiple devices, and some handheld spectrometers feature 

rastering and line scanning472.  
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Conventional SERS devices manufactured on silicon or silica have virtually no background signal, 

whereas paper results in larger background signals due to the composition of organic polymers 

and the chemicals that are often used to enhance strength and colour. The background signal that 

originates from such chemicals may dominate the spectrum when measuring analytes in low 

concentration, affecting both reproducibility and the detection limit.  Filter paper and 

chromatography paper have been found to have the smallest background for SERS473.  

4.2.5 Producing SERS active paper devices 

To form hot spots and achieve better Raman enhancement, metal nanostructures have been 

integrated into paper via soaking/dip coating474,475, inkjet printing114,473, screen printing476 and 

filtration477. Figure 4.1 depicts some of these methods.  

In-situ synthesis involves forming metallic nanostructures on either the surface of or within the 

pores of the paper substrate. An example of this is cellulose paper being oxidised to expose 

aldehyde groups and Tollens’ reagent added to from silver nanoparticles via the silver mirror 

reaction465. Another example is to alternately soak unmodified cellulose paper in AgNO3 and 

NaBH4 to form silver nanoparticles in-situ478. As these methods require immersion of the paper, 

the resulting nanoparticles form across the whole surface.  Another method has been 

demonstrated whereby the nanoparticles are patterned onto one area by inkjet printing lecithin 

and potassium iodide onto printing paper before immersing the paper into HAuCl4 solution, thus 

forming gold nanostructures in the printed area only466. Similarly, silver and halide solutions have 

been inkjet-printed onto paper, whereupon adding photographic developer solution and exposing 

the paper to light the plasmonic nanostructures are formed479. Although the materials are 

inexpensive for these in-situ methods, the soaking/rinsing/printing steps that they require leaves 

them unsuitable for high-throughput manufacturing.  

Nanoparticles can be deposited onto paper by simply dipping the paper into a prepared solution 

of nanoparticles. Lee et al. first demonstrated this by soaking cellulose paper in a colloid of gold 

nanorods 464. Dip-coated substrates are a lot quicker to produce than those by in-situ synthesis; 

however, there are still drawbacks because patterning of sensors is not possible, and there is no 

control over the distribution of them. Also, a significant volume of nanoparticle colloid is wasted 

in production.  

White’s group prepared nanosized silver colloids by Lee and Meisel’s method and then printed 

them onto chromatography paper with an inkjet-printer to obtain a sensitive SERS substrate114,473. 

Other groups have since reported similar techniques480,481, and others have reported spraying 

colloid ink to form patterned arrays of nanoparticles468,482,483. Spray-coating plasmonic AuNPs onto 



Chapter 4 

112 

paper has been shown to notably improve loading efficiency and distribution in a much shorter 

time compared to dip- or drop-coating methods483. Sensing capability was also 2 times higher 

than with a dip-coated sensor, and adding a second layer of AuNPs greatly enhanced SERS signals.  

Others have simply spotted nanoparticles onto the paper484,485, or used pens or brushes to apply 

nanoparticles469,486,487. A slightly more high-throughput option has been achieved by screen-

printing a colloid ink onto paper476,488,489. 

By far the simplest and most common approach to introducing nanoparticles onto a paper 

substrate is through either spin or dip/drop coating490-492. However, the inkjet-printing technology 

allows the loading of the plasmonic nanoparticles to be precisely controlled480,493,494, which is, of 

course, advantageous for reproducibility of the substrate.  

 

Figure 4.1 Methods of depositing gold nanoparticles onto paper substrates to make SERS active 

paper devices. 

4.2.6 Utilising paper substrates can allow sample separation  

When the sample is a mixture of analytes, e.g. a biofluid, there is usually a need to separate the 

components of the mixture, to improve detection. One of the benefits of paper is the overlapped 

cellulose fibres provide numerous micro-cavities and gaps, enabling the quick adsorption of 

solution samples by capillary force. Using paper substrates or paper-based chromatography is a 
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straightforward way to separate a target analyte from other compounds without the need for 

complex or expensive equipment (see Figure 4.2). 

 

Figure 4.2 Paper chromatography, before, during and after development and visualisation. 

Distance travelled by analyte A and B (dA and dB) and distance travelled by solvent 

(dsolvent)) are used to calculate each analyte’s retention factor (Rf). 

Cellulose fibres in paper attract water molecules from the atmosphere and the manufacturing 

process; therefore, the paper fibres in cellulose have a thin layer of water molecules attached to 

the surface, it is the interaction of molecules with this water that is important in paper 

chromatography. The stronger the adsorption of a molecule (through hydrogen bonding, van der 

Waals forces and dipole-dipole attractions), the less distance it will travel up the paper, and the 

smaller the Rf value. Different molecules have different Rf values and can therefore be separated.  

Such sample separation with a paper SERS device can be done with lateral or vertical flow 

chromatography and both have been reported in the literature136,495-498. This type of separation 

can also be useful for mixtures containing proteins, as the proteins being large will block the 

target analytes from reaching the metal nanostructures, therefore separating them from the 

analytes of interest, will improve detection ability. Lateral-flow separation has been used to 

separate melamine from infant formula with both polyvinylidene fluoride membranes and 

paper136,499 a vertical flow design has also been demonstrated to separate an antimicrobial drug 

from serum497.  Their vertical flow device uses stacks of nitrocellulose membranes, and when the 

sample is applied to the top, it wicks through the layers to the SERS active zone at the bottom of 

the stack, but the proteins are removed by the intervening layers. 

4.2.7 Employing paper-based SERS for healthcare 

Paper-based SERS substrates have been demonstrated109,386,392,418,480,490,500-503. The most-reported 

technique combining SERS with paper substrates has been to utilise analyte-specific antibodies for 

immunoassays or DNA aptamer probes for analyte capture 386,418,501,503-506. However, the expense 
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of using antibodies is considerable, and DNA aptamers have an expensive and rigorous design and 

validation procedure; therefore, not desirable for a product designed for multiple measures from 

individuals.  

A microfluidic paper-based device for quantitative measurement of a cardiac biomarker without 

the need for a calibration curve has been developed. It uses predictive models to accurately 

quantify three unknown cardiac biomarkers in serum based on previously obtained Raman data 

about these biomarkers507. However, this method is still using antibody detection, which is 

expensive.  

In another recent paper, a novel paper-based SERS assay for simultaneous detection of two 

cytokines (MCP-1 and IL-10) in human serum is demonstrated453. The system utilises a polymer 

membrane fabricated from polypropylene with a polytetrafluoroethylene coating, forming a 

three-dimensional fibrous network. The increased surface area offers high loading of capture 

antibodies, thus improving sensing sensitivity. Due to its unique feature of two-layers of AuNPs in 

a sandwich design, a small gap is generated between the AuNPs producing a “hot-spot” effect 

that enhances the SERS signal, allowing a more sensitive detection. However, this technique still 

requires expensive capture antibodies. 

A recent example of a paper-based SERS system not utilising antibodies is that described by 

Shende et al.498. They have developed a 5-minute LFA to measure codeine and fentanyl in saliva, 

blood plasma and whole blood. Their flow separation strips rapidly separate drugs from these 

biofluids. The strips consist of a sample introduction/separation pad, nitrocellulose flow 

membrane, the SERS active pad (glass-fibre impregnated with AuNPs), and an absorbent/wicking 

pad, all positioned on a thin plastic support. The test strips are placed in a plastic tube containing 

the sample, which then flows up the strip driven by capillary action. The strips are removed from 

the tube for measurement. This straightforward assay demonstrates the use of paper to separate 

components of a biofluid before SERS acquisition, without the need for antibodies or use of 

Raman reporter tags. They achieved spectra with a very good signal-to-noise ratio with just a 3s 

acquisition time, demonstrating the real potential of such devices for POCT.  

4.2.8 Research Gap 

We demonstrated for the first time in Chapter 3, SERS sensors fabricated by layer-by-layer 

synthesis whereby nanoparticle layers are formed around a silica microsphere, which controls the 

spacing between the nanoparticles and therefore “hotspot” formation. We demonstrated the use 

of these sensors as an alternative to colloidal nanoparticles for measurement of a clinically 

interesting biomolecule in urine. The method demonstrated reasonable accuracy and precision 
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compared to the gold-standard method of HPLC. However, to further improve the reliability of 

these SERS sensors, we hypothesise that fabricating them into paper devices will improve the 

technique by removing some of the uncontrollable factors that arise with performing SERS in 

liquids. The sensors deposited into paper also opens up the system to the separation of sample 

components via paper chromatography, which will further improve sensitivity to the analyte of 

interest without the need for capture antibodies. Finally, a paper-based SERS device is more 

suitable to POCT in combination with a portable Raman spectrometer, than traditional 

colloidal/aqueous-based SERS measurement. We demonstrate paper SERS devices that 

incorporate high-throughput deposition of SERS microsensors onto paper as well as devices 

where the sensors are drop-coated onto the paper.   

4.2.9 Hypotheses 

• Layer-by-layer fabricated SERS sensors can be deposited onto paper-based (cellulose and 

nitrocellulose) strips and reliable SERS measurements obtained 

• Neopterin can be mobile via capillary action on paper-based SERS devices and detected by 

SERS 

• The paper device can be used to separate a mixture of creatinine and neopterin prior to 

SERS detection 

 

4.2.10 Aims 

In this chapter, we aim to demonstrate the proof-of-concept that a paper-based device with 

embedded SERS sensors can be used to separate and reliably measure two molecules of interest 

present in urine samples.  

4.3 Methods 

4.3.1 Preparation of neopterin and creatinine samples 

A 200µM stock solution of neopterin was prepared in water and synthetic urine (see method of 

synthetic urine preparation in Chapter 3). Neopterin (2.53mg (Mw 253.21), Tocris Bio-techne) was 

added to sterile water (50mL,Millipore, 18 mΩ) or synthetic urine (50mL). The tube was covered 

in foil and vortexed for 30 seconds, before being placed in a sonicator bath for 2 hours. Aliquots 

were then stored in the freezer until required. When required, neopterin standards were 

produced via serial dilution of the 200µM stock. 
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A 50mM stock solution of creatinine was prepared in water and synthetic urine. Creatinine 

(56.6mg (Mw 113.12), Sigma-Aldrich) was added to sterile water (10mL, Millipore, 18 mΩ) or 

synthetic urine (10mL) and mixed well by inversions and vortex.  Dilutions of this stock were then 

prepared as required. 

4.3.2 Preparation of layer-by-layer SERS sensors 

Poly(ethyleneimine) (PEI) (Mn ~60000, Mw ~750000, 50 wt. % in water) and poly(sodium4-

styrenesulfonate) (PSS) (Mw ~70000, powder) were purchased from Sigma-Aldrich and diluted in 

0.5M NaCl to the required concentrations. Polyelectrolyte solutions were sterile filtered (0.22µM) 

after preparation. Citrate capped gold nanoparticles (AuNPs) (40nm 8% CV, 9 x 1010 particles/mL) 

were purchased from BBI Solutions and used as received. Silica microparticles (~8µM aqueous 

suspension) were purchased from Microparticles GmbH. 

The initial polyelectrolyte cushion was applied by injecting 20µL of 8µm silica microparticles into 

100µL PEI solution (10mg/mL) immediately vortexed for 10s and then vigorously mixed for 20 

minutes on a shaker. The microparticles were then washed three times by centrifugation, with 

supernatant removal and resuspension in water (100µL and 25µL on final wash). This was 

repeated with PSS (10mg/mL) and again with PEI (10mg/mL) with four washes after this final 

coating. AuNPs were then applied by injecting the cushioned microparticles into a volume of 

AuNPs that allowed 2x coverage of the entire surface of the microparticles and ensured an excess 

(5µL of particles into 1mL of 40nm AuNPs) then vortexed for 10s and vigorously mixed for 1 hour 

on a shaker. The microparticles were then washed as before until the supernatant was clear and 

finally resuspended in 25µL of water. The microparticles were then injected into 100 µL PEI 

(5mg/mL) vortexed for 10s and left to soak for 10 minutes on a shaker, followed by four washes 

and resuspension in 25µL of water. A second addition into AuNPs (5µL of particles into 1mL of 

40nm AuNPs) of the microparticles was carried out which were then vortexed for 10s and 

vigorously mixed for 1 hour on a shaker. The microparticles were then washed as before until the 

supernatant was clear and finally resuspended into 100µL of water and stored at 4°C.  

4.3.3 Preparation of Whatman No.1 Paper devices with SERS sensors  

Strips 10cm long and 0.5cm wide were cut from Whatman No.1 filter papers. A pencil line was 

drawn 0.5cm from the base to identify the baseline. A pencil marking was also made 5cm from 

the base, to mark the location of the SERS sensors. SERS sensors were mixed for 20s with a vortex 

mixer, and then a drop (10µL) pipetted onto the top surface of the paper at the marked site. The 

paper strip was covered with foil and allowed to dry at room temperature overnight.  
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4.3.4 Preparation of G1 devices with SERS sensors 

The preparation of these devices was performed by Panagiotis Galanis, postgraduate researcher in 

Optoelectronics Research Centre, University of Southampton.  

The substrate materials used to make the paper-based devices are Whatman™ grade 1 qualitative 

filter paper (cellulose) with nominal thickness 180 μm and pore size 11 μm from GE Healthcare 

and a UniSart CN 95 nitrocellulose membrane with a thickness of 140-170 μm, pore size of 

roughly 15 μm and a capillary flow speed of 90-135 s/40 mm from Sartorius Stedim Biotech 

GmbH, Germany. For the device fabrication work, we used an acrylate-based negative photo-

polymer DeSolite® 3471-3-14 from DSM Desotech, Inc., USA. The photo-polymer is deposited on 

the substrate using a PICO® Pμlse™ dispenser platform from Nordson EFD, UK, which deposits 

micro-droplets through a tip with diameter 100 μm with volumes as small as 0.5 nL at a frequency 

at 100 Hz. The laser used for the polymerization of the photo-polymer was a fibre-coupled 

continuous wave (c.w.) diode laser (Cobolt MLD, Cobolt AB Sweden) operating at 405 nm with a 

maximum output power of 60 mW. 

       The fluidic devices were created within the cellulose paper and the nitrocellulose membrane 

via the local deposition of the photo-polymer following by the subsequent exposure to the laser 

source (spot size ~5 mm and fluence 40 mJ/cm2). The polymer penetrates throughout the entire 

thickness of the substrate before the laser curing in order to create solid polymeric structures that 

extend through the thickness of the substrate and can guide the flow of liquids without any side 

leakage observed. SERS sensors were mixed and deposited onto the devices using the dispenser 

platform, 5 cm from the base.  

4.3.5 Brightfield microscopy of SERS sensors within devices 

A Zeiss Axioplan 2 microscope was used to take brightfield images of the prepared paper-based 

devices, a 40x (N.A. 0.75), 20x (N.A. 0.50) and 10x (N.A. 0.30) air objectives were used.   

4.3.6 Optimisation of run-time with paper-based devices 

Whatman no.1 devices were prepared according to 4.3.3. Neopterin (200µM in water) was 

spotted onto the baseline using a 0.5µL pipette. Two drops were spotted, allowed to dry and this 

repeated three times. In between spotting, the device was covered with foil. The spots were 

checked under UV light (365nm) to ensure enough sample had been loaded. Each device was 

placed into a well of a 96-well plate containing water (80µL) as the solvent. The solvent front was 

left to run to 5.5cm, 6.0cm, 6.5cm and 7.0cm from the base of the device before being removed 
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from the solvent and the solvent front marked with a pencil. The devices were covered with foil 

and left to dry, before being visualised under UV again and the position of the neopterin spot 

marked. SERS spectra were then obtained from the SERS sensors positioned at the 5cm from the 

base position.  

4.3.7 Single samples run on devices 

For analysis of a single neopterin sample run on a paper device, the method in 4.3.6 was followed. 

The solvent front was left to run to 6cm. Images depicting the steps in this process can be seen in 

Figure 4.3.  

4.3.8 Creatinine/neopterin mixture run on devices 

For analysis of two analytes (neopterin and creatinine) on a paper device, the method was 

altered. Whatman no.1 devices were prepared according to 4.3.3. Neopterin (200µM in water) 

was spotted onto the baseline using a 0.5µL pipette. Two drops were spotted, allowed to dry, and 

this repeated three times. Creatinine (1mM) was spotted onto the baseline next to the neopterin 

spot, using the same method. Finally, a mixture of both neopterin and creatinine was spotted 

onto the baseline. Once all the spots had dried, the device was run in a small beaker(25ml) with 

70% Ethanol (500µL) as the solvent. The solvent front was left to run to 7.5cm from the base of 

the device before being removed from the solvent, the solvent front marked, and covered with 

foil and left to dry. UV was used to visualise the position of neopterin on the device and I2 for the 

position of creatinine. SERS spectra were then collected from the SERS sensors positioned at 5cm 

and 6.5cm from the base.  

For prepared mixed samples of creatinine and neopterin, this process was followed but with just 

the sample being spotted on the device.  

4.3.9 SERS measurement of SERS sensors within paper device/spectra acquisition 

SERS measurements were performed on a Renishaw InVia spectrometer (633nm, HeNe laser, 

6mW max output). The instrument was calibrated using a silicon wafer with a static spectrum 

peak at 521 cm-1. The intensity of this calibration peak was used to monitor the power of the 

instrument and adjust results accordingly. A single SERS sensor within the device was identified 

using brightfield microscopy mode prior to the irradiation with the laser, for observing scattering 

before SERS spectral acquisition (see figure 4.3). For each measurement, 10 acquisitions were 

taken with an exposure time of 1s over the wavenumber range of interest (500-1000 cm-1 for 

neopterin and 1500-2000 cm-1 for creatinine) using an Olympus objective (20x, 0.40 N.A). Spectral 
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pre-processing was performed with iRootlab393 and Renishaw’s WiRE software. Spectra were 

denoised using wavelet smoothing and baseline corrected with an 8th order polynomial in 

iRootlab. The 10 acquisitions were averaged before WiRE was used to curve fit and determine 

peak height.  

 

Figure 4.3 Images depicting the process of running a sample on a device and obtaining SERS 

measurement. 

1) The paper substrates are embedded with SERS sensors in the predetermined 

location, and drops of sample are added to the baseline, and allowed to dry (4.3.3 

and 4.3.6) 2) Once dried, the paper substrate is viewed under UV to check the 

positioning and loading of the sample (4.3.6) 3) The paper substrates are placed into 

individual wells of a 96-well plate containing the solvent and the device is left to run 
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for the required length (4.3.6) 4) After being dried, the paper substrates are viewed 

under UV light and the spot of highest intensity observed in the correct location of 

the SERS sensors (4.2.6) 5) The brightfield microscope of the Raman spectrometer is 

used to locate and focus on a single SERS sensor on the paper device (4.3.9) 6) Laser 

is switched on, and scattering is observed from the SERS sensor. 

4.3.10 Visualisation of analyte spots 

Neopterin spots on the paper devices were visualised in a UV Viewing cabinet using 254nm light. 

Creatinine spots were visualised by eye on being highlighted by iodine adsorption after placing 

the devices into a sealed container with iodine crystals (Sigma Aldrich, UK) and left for 2 hours.  

4.3.11 Data analysis and statistics 

SERS spectra were averaged and pre-processed in Renishaw’s WiRE software and irootlab as 

detailed in 4.3.9. Once spectra were averaged and processed, curve fitting was used to measure 

peak height of the peaks of interest and their subsequent ratios.  

Data processing and analysis was then performed in GraphPad Prism 8. For the data in this 

chapter, this included plotting standard curves (regression models) and interpolating results, 

descriptive statistics including means, standard deviations and coefficients of variation.  

Paired t-tests were used to compare means for significance. For example, comparing results 

obtained on Whatman No.1 devices vs. G1 devices (section 4.4.1).  

For section 4.4.6 reproducibility of measurements was assessed by relative standard deviation 

(coefficient of variation) calculated in GraphPad Prism 8. For comparison of predicted 

concentration vs expected concentration, correlation coefficients and root mean square error 

(RMSE) of prediction were calculated in GraphPad Prism 8.  

Other information on how results were obtained are detailed in their relevant sections.  

4.4 Results and Discussion 

4.4.1 Choosing a membrane for the device 

Sartorius CN95 nitrocellulose (CN95) and Whatman grade 1 cellulose (G1) with plastic backing and 

Whatman no.1 (WN1) filter paper without backing were selected. These membranes were 

selected for their pore size and membrane thickness. The Sartorius CN95 nitrocellulose 
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membrane has a pore size of 15µm and the Whatman No.1/G1 a pore size of 11µm, both of which 

are just slightly larger than the size of the SERS sensors (8µm silica core) which allows the sensors 

to sit within the membrane pores rather than on the surface. With the SERS sensors within the 

membrane, they should be immobile and therefore not likely to move with the solvent front 

moving up the device.  Brightfield images of the sensors on each of the different devices can be 

seen in figure 4.4.   

The speed at which a liquid (synthetic urine) travelled up the membranes was assessed. A 2cm in 

length CN95 and G1 devices were placed in synthetic urine (40µL) in a 96 well plate, it took 20s 

and 120s for the liquid to travel to the end of the membrane for the two devices. Through our 

testing with the three membranes, we established that the length of the membrane would need 

to be a lot longer for CN95 due to the liquid travelling up the membrane more rapidly. Therefore, 

a longer membrane would be needed for separation to be achieved. With 10cm long membranes, 

the run time was 4-5 minutes for the CN95 and 10-15 minutes for the G1 devices.  

To further investigate the suitability of the membranes, neopterin samples were run, and Rf 

values calculated. The retention factor (Rf) is the distance the analyte travels up the membrane, 

relative to the distance the solvent travels. For each 10cm membrane, neopterin (200µM) was 

spotted 0.5cm from the base and allowed to dry under foil. The device was placed in water or 

synthetic urine (80µL) and allowed to run for a length of time dependent on the type of 

membrane. 
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Figure 4.4 Brightfield microscope images of SERS sensors (example identified by a red arrow) on 

paper device membranes and SERS spectra of neopterin on devices. 

A) Sensors in water, scale bar 50µm, inset scale bar 10µm B) Sensors on Whatman 

No.1 filter paper, scale bar 50µm, inset scale bar 10µm C) Sensors on G1 paper 

devices, scale bar 50µm, inset scale bar 20µm D) Sensors on CN95 nitrocellulose 

devices, scale bar 50µm. E) SERS spectra of neopterin standards run on Whatman 

No.1 filter paper (black) and G1 devices (grey), as well as the blank spectrum with 

just the sensor (no neopterin) for each device. F) The calculated peak ratio of 

neopterin peak (680 cm-1) for each concentration on both the Whatman No.1 (black) 

and G1 devices (grey). 
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Table 4.1 Run times and Rf values for the three different paper devices used. Rf values for both 

neopterin in water and synthetic urine. 

No significant difference in Rf values between Whatman G1 devices and Whatman 

no.1 devices, and no significant difference between neopterin in water and neopterin 

in synthetic urine. 

 Whatman G1 Sartorius CN95 Whatman no.1 

Run time 15 minutes 5 minutes 10 minutes 

Rf (water) 1 0.868 No spot under UV 0.843 

Rf (water) 2 0.863 No spot under UV 0.830 

Rf (water) 3 0.821 No spot under UV 0.784 

Rf (synthetic 

urine) 1 

0.831 No spot under UV 0.820 

Rf (synthetic 

urine) 2 

0.820 No spot under UV 0.824 

 

The results demonstrate that the retention factor (Rf) for neopterin is consistent between repeats 

and consistent between the Whatman G1 membranes with polymer backing and the Whatman 

No.1 filter paper membranes with no backing. When synthetic urine is used as the solvent, the Rf 

value is slightly smaller than when water is used, this is most likely due to interactions from the 

components within the urine, with the neopterin; therefore, it does not move so far up the 

membrane. A search in the literature for paper chromatography Rf values of neopterin in urine did 

not reveal any values for water as the solvent; therefore, no comparison can be made. Rf values 

for neopterin in urine with other solvents have been published508,509.  For example, both papers 

report paper chromatography with 3% ammonium chloride, with an Rf value of 0.58 and 0.68, 

respectively. The difference in reported Rf value for the same solvent, highlight that the other 

conditions of the paper chromatography process will cause variation in this value and this is why it 

is imperative to keep all conditions the same. According to Kealey and Haines510, mobile phase 

eluting power should be adjusted so that solute Rf values fall between 0.2 and 0.8 to maximise 

resolution. The experimental Rf values in this chapter are at the upper end of what is acceptable. 

In future work, adjusting the solvent system to reduce the Rf value may be advised. However, the 
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reasoning for using water as the solvent was to demonstrate the potential of this system for 

POCT, whereby the user may be performing the chromatography in their home, and solvent use 

would need to be controlled.  

When the CN95 membranes were run, no visible spot was seen under UV corresponding to 

neopterin, and this was because under UV the whole membrane was active (seen in figure 4.7c, 

second device from left). Therefore, further use of these membranes was not deemed 

appropriate to requirement.  

The G1 devices were prepared for use on a polymer backing and the sensors deposited via 

instrumental deposition to demonstrate what a potential point-of-care device would be like. The 

WN1 membranes were equivalent in fibre, but without the backing or superior deposition of 

sensors, but were more than adequate for testing purposes. Figure 4.4e show the spectra for the 

same range of samples run on both the G1 and WN1 substrates. The spectra are different 

concentrations of neopterin, but the same samples and the same number of samples, tested on 

each device. The spectra are largely equivalent, although the overall intensity of the G1 devices 

appears to be slightly lower, however Figure 4.4f demonstrates that the calculated peak ratios 

from each are comparable.  

4.4.2 Membrane and sensor background 

The SERS sensors consist of a silica core, polyelectrolyte layers (PSS and PEI) and gold 

nanoparticles (AuNPs), the preparation of which is detailed in chapter 3. These sensors have a 

background signal, as does the cellulose of the devices. Figure 4.5 shows the background SERS 

signal for the SERS sensor, along with Raman spectra of each component.  

The background signal of the SERS sensors was measured in the two wavenumber regions of 

interest (500-1000 cm-1 for neopterin peak, and 1500-2000 cm-1 for creatinine peak). The peaks in 

the background signal of the SERS sensors, largely correspond to the Raman peaks of the two 

polyelectrolytes. PEI has Raman peaks at 560 cm-1,740 cm-1, 845 cm-1, 960 cm-1, 1530 cm-1, 1600 

cm-1 which correspond to prominent peaks in the sensor SERS spectrum (with increased intensity 

and slight wavenumber shift discernible from SERS enhancement). Similarly, PSS has Raman peaks 

at 665 cm-1, 825 cm-1, 1600 cm-1 and 1625 cm-1, at much higher intensity than the peaks of PEI, as 

it is more Raman active as a compound; however, the SERS spectrum of the sensors appears to 

have a definite contribution from both polyelectrolytes.  
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Figure 4.5 SERS background signal from SERS sensors at 500-1000 cm-1 and 1500-2000 cm-1, as 

well as the spectra for the contributing components and cellulose. 

The main peaks visible in the sensor spectrum are contributed to by the PEI and PSS 

layers within the sensor make-up. 
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4.4.2.1 Peak ratio  

The benefit of the SERS sensors having a robust background signal is that the peaks attributed to 

PEI and PSS can be used as reference peaks. The polyelectrolytes act as an internal standard 

within the sensor. The peak height of any given analyte is likely to vary depending on the exact 

environment of the SERS acquisition (changes in the position of the sensor, variation in laser 

power and positioning of laser over the sensor, temperature fluctuations), by taking a peak height 

ratio relative to one of the internal standard (from the polyelectrolytes) peaks, some of this 

variation can be controlled for as presented in figure 4.6. 

To demonstrate the benefit of using the above stated internal standard normalisation approach 

SERS spectra were obtained for neopterin at different concentrations (1.56µM- 200µM) using 

SERS sensors embedded in Whatman No.1 filter paper. Peak height was measured at 680 cm-1, a 

peak corresponding to neopterin, and peak height was measured at 745 cm-1, a peak 

corresponding to PEI in the sensor, acting as an internal standard. The 745 cm-1 peak is broad, 

most likely because it can be devolved into more than one peak for multiple vibrations, however, 

the broadness is consistent each time, and peak height rather than peak area is used for 

measurement. For each concentration measured, the variation in peak height is considerable. 

Using peak height alone to determine neopterin concentration from unknown samples, would not 

be accurate enough. However, when the neopterin peak height is considered relative to the 

internal standard peak height, the resulting ratio eliminates variation that occurs in SERS 

measurements due to variability in the actual measurement acquisition. The values for peak ratio 

demonstrate improved precision and therefore, more useful for quantitative analysis. Although, 

using internal standards to improve measurement reproducibility has been shown371, there can be 

competitive adsorption between the analyte of interest and the internal standard for the metal 

surface, therefore the signal may vary with concentration in a non-linear way, and will not work 

above saturation of the metal surface373. An alternative method of placing an internal standard 

within the inside of core-shell nanoparticles has been demonstrated374, but to our knowledge, this 

is the first time the composition of the sensor itself has been used as an internal standard.  
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Figure 4.6 Using peak height ratio gives useable data. 

A&B) These graphs demonstrate the fluctuation in absolute peak height for a peak at 

745 cm-1 (internal standard) and peak at 680 cm-1 (neopterin), C) Shows when the 

ratio of corresponding peaks is taken, the variability in results for each concentration 

is reduced as experimental variations are eliminated, the data becomes more robust 

and useable. 

4.4.3 Optimising the run-length of the assay 

To determine that the analyte of interest (neopterin) travelled up the paper device to the sensor 

region, the length of ‘run’ time of the device was varied, to extend the length of time the device 

was left in solvent before being removed, the solvent front marked, and allowed to dry.  

Sensors were deposited on the devices 5cm from the base (4.5cm from the baseline), analyte 

(200µM neopterin) was spotted on each device 0.5cm from the base. The devices used were a 

Whatman G1 membrane on polymer backing, a Sartorius CN95 membrane on polymer backing 

and Whatman no.1 filter paper with no backing. The two devices with backing were allowed to 

run until the solvent front reached 6cm from the base. With the WN1 devices, they were allowed 

to run to 5.5, 6.0, 6.5 and 7.0 cm from the base.  

In figure 4.7, images are seen that show the membranes under UV when the neopterin has been 

spotted on them, the membranes being run using water as the solvent and the membranes again 

under UV post-run, showing the movement of the neopterin up each membrane (excluding the 

CN95 nitrocellulose membrane which is largely UV active across the whole run length). Figure 4.7c 

depicts the increased height that the UV active neopterin moves with increased run length.  

A 
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Figure 4.7 Optimising assay run time for neopterin. 

A) Devices under UV after neopterin has been spotted on the baseline. B) Devices 

being run in water as the solvent. C) Devices under UV post-run showing different UV 

spot height with different run time. D) SERS spectra of devices for each length of run, 

peak height was measured at 685 cm-1 and 745 cm-1 and the ratio taken. E) Table of 

measured peak ratio for the different length runs (in duplicate) and the repeatability 

of these measurements. 

In order to decide which run length put the neopterin in the most optimum position for the SERS 

sensors, spectra of the sensors were obtained and analysed. Figure 4.7d, shows the acquired SERS 

spectra for each run length and a repeat after pre-processing, peak height was measured at 685 

cm-1 and 745 cm-1, and a ratio of peaks taken. 
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When the solvent front was left to run 6cm up the device, the largest value for peak ratio height 

was obtained from SERS spectra being taken from SERS sensors placed at 5cm up the device. This 

implies the greatest number of neopterin molecules were bound to SERS sensors after this run 

length. This also corresponds with our experimental Rf value of neopterin being 0.820-0.868, if the 

solvent front were run for 6cm, the neopterin spot would be expected to be around 5cm and this 

was also evident by the location of the neopterin spot under UV. However, the SERS results for 

run length and visualising the devices under UV both demonstrate that the location of neopterin 

up the device is not confined to a small distinct spot, but instead is present over an area of a few 

cm, therefore not a ‘clean’ chromatogram. However, irrespective of this, there is a point of 

brightest intensity under UV and increased peak height ratio with the SERS which is the area we 

want to be located at the position of the SERS sensors. The tailing of the spot is caused by slow 

desorption as the solute migrates, or saturation of adsorption sites by high concentrations of the 

solute (overloading)510.  This does mean that if trying to separate a compound such as neopterin 

from others (e.g. in urine), a solvent other than water is needed to achieve a clean separation. 

4.4.4 Neopterin SERS measurement on paper-based devices 

As shown in the preceding sections, paper devices embedded with SERS sensors were used to 

measure samples of neopterin and the optimum length of a run has been established that allows 

neopterin to move to the location of the SERS sensors. SERS spectra are then gathered from 

individual sensors within the paper device. Multiple spectra (10 acquisitions) are taken with fast 

(1s) acquisition and then averaged. Neopterin samples prepared in both water and synthetic urine 

were measured. Whether the neopterin was in water or synthetic urine did not alter its mobility 

along the device, and with the same run-length of 6cm, the neopterin spot moved to 

approximately the same position with similar Rf value (table 4.1). When visualising the devices 

under UV, it was observed that the spots from neopterin were in a similar place after being run in 

both water and synthetic urine.   

To measure neopterin using the paper-based devices, the same averaging, and pre-processing is 

applied to the spectra as those in Chapter 3. A neopterin peak is present at 685 cm-1 and is taken 

as a ratio to an internal standard peak at 745 cm-1. Figure 4.8a shows the SERS spectra generated 

by the sensor itself, a neopterin standard, and neopterin in synthetic urine. The neopterin peak at 

685 cm-1 is small but still distinguishable even in the synthetic urine samples.  

A standard curve of peak height ratio for different neopterin concentrations was generated. 

Neopterin concentrations in the range 1.56µM-200µM were prepared via serial dilution of the 

200µM neopterin stock. Figure 4.8, shows the G1 and WN1 paper devices after being run, using 
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water as the solvent, to the 6cm mark. Concentration increases left to right, which can be seen in 

the increase in UV intensity; a UV spot was not visible by eye for concentrations <25µM. The 

standard curve is non-linear and fitted with a 4PL sigmoidal curve with an R2 of 0.972 for WN1 

membranes and R2 of 0.9860 for G1 devices. The concentration measurements were repeated in 

triplicate, with good repeatability (error bars represent the standard deviation of triplicate 

measurement).  

The peak in the spectra at 685 cm-1 was used for neopterin measurement. This was, in fact, the 

average wavenumber observed for this peak, with the actual range being 680-695 cm-1, this 

variation in peak position is not uncommon in SERS, as the interaction of the molecules with the 

SERS substrate affects the peak position. The ionic environment, such as that due to synthetic 

urine, can also have an effect on how the molecules interact with the substrate. A SERS peak for 

neopterin is reported at 695 cm-1 corresponding to a C-C vibration and ring modes381, and the 

standard Raman spectrum of neopterin has a reported intense peak at 696 cm-1 which 

corresponds with the findings from this device. Raman and SERS spectra can often be different, 

due to the selection rules being modified by the adsorption of the molecules onto the surface 

used for SERS. However, with neopterin, the most obvious peaks in the range we are measuring 

are reported as 668, 698 and 963 cm-1 for standard Raman of neopterin powder by Kaminska et 

al.381  and 667, 696 and 958 cm-1 reported by Elumalai et al.121, all of which are observed in our 

SERS spectra of neopterin.   

Using this method for measuring neopterin concentration, the limit of detection (LoD) was 

estimated using 3x the standard deviation of blank samples389. The results gave a LOD of 3nM 

which is higher than the reported LOD of neopterin with other SERS substrates where 1nM is 

reported381, but this is with a more complex substrate and in-depth spectral processing, compared 

to our fast and simple technique. The physiological ‘normal’ concentration of neopterin in urine is 

expected to be a few µM12; therefore, this should be readily detectable with this paper-based 

technique.  
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Figure 4.8 SERS measurement of neopterin on paper devices. 

A) SERS spectra for sensor background, neopterin standard, and neopterin in 

synthetic urine (triplicate), demonstrating the two peaks used to measure peak 

height ratio, for neopterin measurement. B) Calibration curve for neopterin 

standards (in water) on Whatman No.1 devices, each concentration measured in 

triplicate, error bars represent the standard deviation of triplicate measurement. R2 = 

0.972. C) Calibration curve for neopterin standards (in water) on Whatman G1 

membranes, each concentration measured in triplicate, error bars represent the 

standard deviation of triplicate measurement. R2 = 0.9860, D) Whatman No.1 devices 

under UV after being run for 6cm in water. Concentration increases from left 

(1.56µM) to right (200µM), and increase in UV intensity seen with increasing 

concentration, below 25µM, UV spot not visible by eye. E) Whatman G1 devices 

under UV after being run for 6cm in water. Concentration increases from left 

(1.56µM) to right (200µM), and increase in UV intensity seen with increasing 

concentration, below 25µM, UV spot not visible by eye. 

 

4.4.5 Using paper-based devices for separation of components 

A key benefit of using paper-based devices as SERS substrates is the ability to use simple paper 

chromatography to separate components of a mixture, such as urine, to eliminate the matrix 

effect and improve robustness of the technique, and to quantify low concentration analytes. To 

further demonstrate suitability of these devices for clinical use, a mixture of neopterin and 

creatinine was separated and analysed. To give clinical meaning, neopterin in urine is measured as 

urinary neopterin to creatinine ratio (UNCR) to account for variation in urine state.  

As demonstrated in Chapter 3, neopterin and creatinine have similar SERS spectra but with some 

distinctive peaks. Figure 4.9 shows where the peaks used for analysis are in relation to each other, 

and also in relation to the background signal from the SERS sensors themselves, peaks of which 

are used for internal standard. Neopterin has distinctive peaks present at 685 cm-1 and 960 cm-1, 

for the analysis in this chapter, the 685 peak is used. Spectra for creatinine are collected in a 

different wavenumber range (1500-2000 cm-1) and a peak corresponding to creatinine at 1760 cm-

1  is used for analysis.  
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Figure 4.9 SERS spectra for neopterin (500-1000 cm-1) 

(A) and creatinine (1500-2000 cm-1) (B) showing the distinguishable peaks from the 

background SERS sensor spectrum. 

Neopterin measurements are made using the peak at 685 cm-1 and creatinine using 

the peak at 1760 cm-1. 

In order to separate neopterin and creatinine on a single paper device, so that both could be 

measured independently, some optimisation of the method was required. Unlike neopterin, 

creatinine is not UV active, and therefore, Iodine adsorption was used to generate contrast to 

allow observation of the position of creatinine on the paper devices. The separation was carried 

out using water as a solvent. As already demonstrated in this chapter, neopterin moves up the 
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paper device when water is used as a solvent with an Rf value of around 0.83. However, creatinine 

continues to move with the solvent front, after the device is removed from the solvent. 

Alternative solvents isopropanol (IPA) and 70% ethanol (EtOH) were tested. With IPA, neither the 

neopterin or creatinine moved with the solvent and remained on the baseline. With 70% EtOH, 

neopterin moved up the paper with an Rf value of 0.6 and creatinine moved further with an Rf 

value of 0.85, distinctly separating the two analytes from each other in their position on the 

paper. In Figure 4.10, the neopterin under UV and the creatinine after iodine treatment can be 

seen, with three channels, one creatinine or neopterin only, and another lane with a mixture of 

the two. The middle plate of the figure has marked where the two analytes end up after a 6cm 

run, and these positions can be taken as the points to place SERS sensors in devices to enable 

SERS spectra of both analytes to be obtained.  

 

  

Figure 4.10 Paper chromatography separation of creatinine and neopterin. 

All three paper substrates are spotted with creatinine (left channel), neopterin 

(middle channel) and a mixture of creatinine and neopterin (right channel). The three 

substrates were run in different solvents, IPA (left), 70% EtOH (middle) and water 

(right). The image on the left identifies the position of the neopterin, under UV 

illumination, on the paper substrate. With IPA as the solvent, the neopterin spot 

remains on the baseline, with 70% EtOH the neopterin moves up the plate with an Rf 

value of 0.60, with water the neopterin moves up the plate with an Rf value of 0.83. 

The image on the right shows the same paper substrates after being placed in iodine 

vapour, which makes the creatinine visible (the neopterin spots identified under UV 

illumination are marked in pencil). With IPA as solvent, the creatinine spot remains 

on the baseline, with 70% EtOH the creatinine spot moves up the plate with an Rf 

value of 0.85, with water the creatinine continues to move up the substrate with the 

solvent front. 

IPA water 70% EtOH 
IPA 70% EtOH water 

Creatinine 
control 
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Paper devices of WN1 filter paper were prepared with SERS sensors deposited in two distinct 

areas, 5cm from the base and 6.5cm from the base, with the solvent run length being 7.5cm. In 

both regions, SERS measurements were obtained from a single sensor. Spectra were collected at 

both positions in the 500-1000 cm-1 wavenumber region where we look for the neopterin peak, 

and also the 1500-2000 cm-1 wavenumber region where we look for the creatinine peak. In Figure 

4.11a, the spectra show the distinct neopterin peak at 685 cm-1 which is not present in the 

creatinine spectrum or the background sensor spectrum. In figure 4.11b we see that the average 

spectrum collected from the sensors located at the 5cm position shows a peak at 685 cm-1 in both 

replicates of this type of run, but no distinct peak at this wavenumber in the average spectrum 

collected from the 6.5cm position. The 5cm position spectra are similar to the neopterin spectrum 

of 4.11a and the 6.5cm position spectra show similarity to the creatinine spectrum of the 4.11a.  

A similar result is seen when the two positions have SERS spectra obtained at the 1500-2000 cm-1 

region. Creatinine has a distinct peak at 1760 cm-1 (figure 4.11c) which is present in the spectra 

obtained from the 6.5cm position but is not present in the spectra obtained at the 5cm position 

shown in figure 4.11d. Equally, there are peaks at 1645 and 1670 cm-1 in the spectra obtained 

from the 5cm position which are likely neopterin peaks and are not present in the spectra 

obtained from the 6.5cm position.  

 

Figure 4.11 SERS spectra of creatinine and neopterin measured after paper chromatography 

separation. 
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A) SERS spectra for the 550-800 cm-1 region for neopterin, creatinine and the sensors 

background signal. B) SERS spectra obtained in the region 550-800 cm-1 from sensors 

located 5cm and 6.5cm up the substrate. The 5cm are positioned where neopterin is 

expected to travel to, and we see a peak at 685 cm-1 where neopterin is measured. 

The sensors at 6.5cm are positioned where creatinine is expected to travel to, and we 

do not see a peak at 685 cm-1. C) SERS spectra for the 1500-2000 cm-1 region for 

creatinine, neopterin and the sensors background signal. D) SERS spectra obtained in 

the region 1500-2000 cm-1 from sensors located at 5cm and 6.5cm up the substrate. 

The SERS spectra collected at the 6.5cm position show a peak at 1760 cm-1 which is 

also present in the creatinine reference spectrum. 

4.4.6 Paper-based devices for quantitative SERS measurement 

To demonstrate the ability of these paper devices to report quantitative differences between 

samples, test samples were prepared with known concentrations and blinded to the researcher. 

These samples were a neopterin sample, four synthetic urine samples spiked with neopterin, and 

three creatinine/neopterin mixtures.  

SERS measurements were taken from the SERS sensors within the paper devices. After spectral 

processing, the measurement of the peak ratio 685/745 cm-1 was taken for each sample. The 

calibration curve shown in figure 4.8, was used to interpolate the value of the measured 

concentration of neopterin in µM. Results are displayed in Table 4.2. The table also displays a % 

value for accuracy and recovery, which indicates how close to the known concentration the 

measured concentration is. It also shows the direction of bias, i.e. over- or under-estimation. The 

results are mostly under-estimates, which is more commonly expected, but the randomness of 

both positive and negative difference would suggest there is no systematic bias in the model. 

Notably, there are fewer samples measured at higher concentrations of neopterin. To fully 

confirm the reliability of the technique, an even spread of samples across the concentration range 

would be beneficial. However, the physiological range of neopterin expected in an individual is of 

the order of a few µM; therefore, we are more interested in the bias at these lower 

concentrations.  

The quantitation of neopterin in the mixed creatinine/neopterin samples consistently gave the 

poorest accuracy of the samples measured, and were all under-estimated. This may well be due 

to interactions between the two molecules altering the binding of neopterin with the sensors. The 

calibration curve used for quantitation of these samples was from standards of just neopterin, 

therefore for improved accuracy, a calibration curve of neopterin standards prepared in a mix 
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with creatinine may be useful. Plot of predicted vs expected concentration of neopterin is shown 

in figure 4.12, the high correlation but with an offset may indicate a systemic error which could be 

due to the calibration curve being a source of error.  

 

Table 4.2 Quantitative measurements of neopterin in prepared samples using paper devices 

with SERS sensors. 

Table details the expected concentration, the measured concentration, the accuracy 

and recovery. The measured neopterin concentration where measured in triplicate or 

duplicate also shows the average with percentage variation (coefficient of 

variation)/reproducibility. 

Sample Expected 

Neopterin 

Concentration/µ

M 

Measured Neopterin 

Concentration/µM 

Accuracy/

% Bias 

Recovery/ 

% 

Neopterin 40.0    

WN1 

 

G1 

 41.9 34.2 37.3 37.8 

(10.21%) 

-5.5 94.5 

40.1 36.8 - 38.5 

(5.94%) 

-3.75 96.25 

Neopterin spiked 

synthetic urine A 

100.0    

WN1 

 

G1 

 89.0 122.2 105.6 

(22.26%

) 

5.6 105.6 

101.7 1.7 101.7 

Neopterin spiked 

synthetic urine B 

50.0    

WN1  35.5 -29 71 

G1  33.6 -32.8 67.2 

Neopterin spiked 

synthetic urine C 

25.0    
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WN1  -   

G1  27.4 9.6 109.6 

Neopterin spiked 

synthetic urine D 

12.5    

WN1  11.8 -5.6 94.4 

G1  -   

Creatinine/neopteri

n mix A 

20.0    

WN1  17.1 -14.5 85.5 

G1  18.0 -10 90 

Creatinine Neopterin 

mix B 

5.0    

WN1  3.7 -26 74 

G1  2.8 -44 56 

Creatinine/neopteri

n mix C 

10.0    

WN1  8.2 -18 82 

G1  8.5 -15 85 
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Figure 4.12 Validation plots for paper SERS of neopterin 

A) Plot of predicted concentration vs expected concentration of neopterin, the 

response is linear with a correlation coefficient of 0.9676 and root mean square error 

(RMSE) of prediction of 5.769. B) Plot of residual error between the experimentally 

observed concentration of neopterin and expected concentration of neopterin. C) 

Plot of the linear range of neopterin calibration (1.56-50µM) with a correlation 

coefficient of 0.9905. 

When any sensor or substrate is being developed for quantitative measurement, there are 

important analytical parameters that need to be considered to assess its viability as an analytical 

tool. In chapter 3, we have demonstrated the accuracy, reproducibility and batch-to-batch 

repeatability of colloidal SERS sensors. To further assess the analytical capability of these sensors 

within paper devices, we sought to obtain further measurements. The limit of detection (LOD) 

and limit of quantification (LOQ) are often used to demonstrate the capability of analytical 

techniques. There are various methods used for calculating LOD and LOQ, but one of the most 

well accepted is to multiply the standard deviation of replicate measurements of samples, by 3 for 

LOD and 10 for LOQ389. The standard deviation is obtained from sufficient replicate measurements 

of blank or low concentration samples. For our results, we used the SD of the blanks (n=2) and 

1.56 µM (n=3) samples, giving a value of 0.006. Equation 1 was used to calculate the standard 

deviation per replicate. Where S0’ is the SD used for calculating LOD and LOQ, S0 is the estimated 
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SD of n single repeats of samples at or close to zero concentration, and n is the number of 

replicate measurements389. 

Equation 1: 

𝑆𝑆0′ = 𝑆𝑆0
√𝑁𝑁�  

Therefore, S0’ would be 0.003µM the LOD would be calculated as 0.009µM and the LOQ as 

0.03µM. In practice, however, anything below 1µM would be difficult to distinguish above the 

background of the sample. Kaminska et al. have developed a solid SERS substrate with a zinc oxide 

film surface, which they have used to measure neopterin in blood plasma381. They have used the 

same neopterin peak for measurement, as in this study, and have calibrated with neopterin in 

buffer in the range of 0-250 nM (linear range 0-40nM). They report a LOD of 1.4 nM for neopterin 

in blood plasma, which they have estimated using the signal-to-noise method, whilst a valid 

method for determining LOD with an analytical method in which there is significant baseline 

noise, the technique involves trial and error and is inherently unreliable. The upper limit of normal 

for neopterin in blood is 8.7nM, whereas for urine this is 251µmol/mol creatinine12, with the 

average creatinine concentration being 12.475mM511, the expected neopterin concentration 

would be in the region of 3µM. The lowest mean neopterin concentration for a young healthy 

adult is reported as 101 ± 33 µmol/mol creatinine47, so assumed lowest concentration of 68 

µmol/mol creatinine, would give a neopterin concentration of around 1µM. The actual value of 

LOD/LOQ is only relevant to the lowest analyte concentration you are experimentally trying to 

measure, for example as long as the LOD/LOQ are sufficiently lower than the expected lower limit 

of physiological concentration, the actual value isn’t as important. It is more important to be able 

to predict concentrations of samples with accuracy at concentrations relevant to the known 

physiological range. The purpose of the devices demonstrated in this chapter is to identify those 

with higher-than-normal neopterin concentration, rather than to accurately quantify those with 

lower-than-average neopterin concentration, as a low concentration doesn’t indicate a health 

issue.  

Figure 4.12a shows the root mean square error (RMSE) of predicting neopterin concentration 

from the calibration data set is 5.769, and this value is largely because of a particularly poor 

agreement between predicted and expected concentration for the 50µM sample. This sample is 

perhaps erroneous and should be re-measured. For most of the samples measured, the predictive 

power of the paper devices was small, if the 50µM sample is excluded from the analysis, the 

RMSE is only 1.641, suggesting a variance of around 1.6µM in the model’s prediction ability. The 

interpretation of this varies on what concentration range you are considering. When considering 
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samples of concentration greater than a few µM, then variance of 1.6 in the measurement is 

unlikely to make a significant difference. If measuring the concentration of a sample that is less 

than a few µM, a variation of 1.6 could be rather significant, depending on what the clinical 

significance of the concentration is.  

The reproducibility of the SERS sensors in liquid measured as relative standard deviation was 

found to be 27% (RSD, chapter 3), Kaminska et al. have used a solid SERS substrate to measure 

neopterin and report a RSD of 11% which is comparable to commercially available substrates such 

as Klarite (RSD = 14%). Although reproducibility has not been determined for the method 

described in this chapter, it is likely that the combination of the SERS sensors embedded in a 

paper substrate, with the paper chromatography separation, will result in a significantly improved 

reproducibility. We have observed a reproducibility of 5.94-10.21 % when measuring a 40µM 

sample of neopterin in triplicate (see Table 4.2). However, for further validation purposes, 

reproducibility of the substrates would need to be assessed by measuring the same sample at 

least 50-100 times. The benefit of this technique is the simplistic substrate preparation (with 

potential for low-cost high-throughput production) and potential for testing in a patient’s home 

or at point-of-care with cheap, disposable devices and a portable Raman instrument. Therefore, 

some trade-off in reproducibility comparable to other substrates that require costly manufacture 

and bench-top spectrometers would be outweighed by the benefits of the device.  

4.5 Conclusions and Future Work 

• SERS sensors have successfully been deposited onto filter paper, with both a simple drop 

coating method and a superior instrumental ‘printing’ technique suitable for large-scale 

production.  

• Neopterin and creatinine peaks are distinguishable from the sensor/paper background, 

and peaks corresponding to the sensor make-up can be used as an internal standard. 

• Neopterin and creatinine can be separated on the paper devices using 70% ethanol as a 

solvent, with Rf values of 0.6 and 0.85 for neopterin and creatinine respectively.  

• The concentration of neopterin within samples run on the paper devices can be 

quantified with acceptable accuracy and performance. Further validation of the paper 

substrates is required though, along with re-analysis of calibration standards. 

• The concept of using the paper SERS substrates for simultaneous separation of analytes 

and SERS measurement has been demonstrated. Further development is required utilising 

a hand-held spectrometer and testing multiple samples at point-of-care.  



Chapter 5 

143 

Chapter 5 General Discussion  

This study set out to demonstrate the clinical utility of longitudinal monitoring of systemic 

inflammation in older individuals, and to demonstrate a potential technique that would allow 

point-of-care monitoring in the individuals’ home.  

This study demonstrates serial measurements of neopterin in urine, which allows neopterin 

volatility to be assessed. This better identified those with chronic systemic inflammation than any 

single time-point measures. When participants were grouped according to their neopterin 

volatility, similar trends were seen with the other measured inflammatory markers. 

This work has demonstrated Raman spectroscopy with novel sensors that provide surface-

enhancement, is a suitable technique for quantifying neopterin concentration in urine samples, 

and this can be further implemented into a paper device suitable for a point-of-care test.  

5.1 Ageing and inflammation 

Ageing is an inevitable process, and although life expectancy continues to rise due to 

advancements in medical care, nutrition, and better environments, the process of ageing has not 

slowed142. However, individuals age differently. Some individuals, such as centenarians, achieve 

both longevity and maximal healthspan, whilst others are living longer but with multiple age-

related morbidities143. Quality of life, is therefore, not equal in older adults. Additionally, 

increased numbers of older adults living with multiple age-related disorders has both social and 

economic consequences. Blue Zone project communities have benefited from better health, 

significant medical cost savings, productivity improvements, increased economic vitality, and 

lower obesity and smoking rates512,513.  

The human immune system protects from pathogens and from damaged or altered tissues and 

cells, whilst limiting damage to the body’s own healthy tissues. The immune system also develops 

a memory of exposure to pathogens, so that with successive encounters, the response is more 

rapid and specific. With age, these aspects of immune response deteriorate. Older individuals are 

more susceptible to both bacterial and viral pathogens, the incidence of cancer is age-related, as 

is tolerance of one’s own tissues, as evidenced by increased autoimmunity514. Additionally, the 

ability of the body to mount an adequate, protective vaccination response declines with age. The 

decline of these functions with age is referred to as immunosenescence4.  
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Ageing is also associated with a state of low-grade chronic systemic inflammation, termed 

inflammaging4. Older adults experience inflammaging to differing degrees, dependent on their 

individual immunobiography230.  Inflammaging is an upregulation in inflammatory markers, or 

impaired induction of anti-inflammatory signalling and is a component of the progression of many 

age-related conditions, such as cardiovascular disease160, frailty318, and dementia515.  

Inflammaging is the best studied aspect of immunosenescence, particularly the measurement of 

inflammatory cytokines (IL-6, IL-1β, TNF-α and CRP)4. Higher plasma concentrations of IL-6 and 

TNF-α have been associated with physiological measures of frailty, lower grip strength and gait 

speed in older adults29,45. Measurement of inflammatory cytokines has also been incorporated 

into longitudinal aging studies and also studies including in centenarians516. However, the purpose 

of this work has been to focus on an excreted marker that can be easily and readily measured, 

more suited to longitudinal testing.  

5.1.1 Age-related hearing loss  

Sensory functions are critical for maintaining activities of daily living and social interactions in 

older life. Studies have investigated and shown associations between inflammaging/inflammation 

and age-related hearing loss5-7,162,190,245, with some of these being large cohort studies, therefore 

showing a robust association which has also been repeatable in our small cohort of 45. There are 

also longitudinal studies which show the relationship between inflammation and ARHL whilst 

eliminating the confounding effect of acute inflammatory episodes. Nash et al. (2014) show that 

long-term raised CRP levels in younger adults are associated with 10-year increased incidence of 

hearing loss5. Showing not only does raised inflammation correlate with hearing level, but also 

increases the likelihood of developing hearing loss. 

Our longitudinal study has investigated the effect of inflammatory state on the progression of 

hearing loss in older adults. We have found high inflammatory baseline (high neopterin volatility) 

to be associated with greater progression in high-frequency hearing loss from the start to the end 

of the study, as measured by change in Puretone audiometry (PTA) hearing threshold. The higher 

frequencies of hearing are most affected by deterioration due to age202. This study also measured 

transient otoacoustic emissions (TEOAE). PTA is the standard method for assessing hearing loss 

change over time. However, as measures of progression of age-related hearing loss, both PTA and 

TEOAE have significant limitations.  PTA has a test-retest reliability of 5dB324, so only changes of 

greater than 5dB can be deemed a deterioration in hearing level. Over the course of this study, 

the mean change in hearing level was 2dB for the lowest neopterin volatility group, and 9dB for 

the highest neopterin volatility group. The use of TEOAEs was included in this study as an 
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objective assessment of hearing level which is sensitive to small changes. TEOAEs are used to 

assess outer hair cell function in the cochlea; it is the method of assessment used in the newborn 

hearing screening program (NHSP). However, if there is damage to the outer hair cells (as occurs 

with age-related hearing loss) resulting in a mild hearing loss or greater, TEOAEs are not evoked. 

Therefore, many older people do not have recordable TEOAEs, a finding confirmed in this cohort, 

where measures varied from strong to no evoked response.  

Standard PTA measures hearing level at frequencies in the range of 250-8000 Hz; however, the 

human range of hearing is 20-20,000 Hz. Therefore, in any future work, extended high-frequency 

audiometry (up to 16,000 Hz) would be recommended as a greater change in hearing level is likely 

to be seen at even higher frequencies, particularly in a cohort of this age where higher 

frequencies would be expected to be intact but sensitive to change. Additionally, if standard PTA 

is being used, it would be advisable to extend study duration to between 5 and 10 years. ARHL is 

thought to progress at a rate of about 1dB per year, so over a longer time period, the progression 

of ARHL would be higher than the test-retest reliability of PTA.  

Age-related changes to the auditory system are believed to typically occur in the inner ear. There 

is evidence from murine studies that inflammatory processes in the inner ear are responsible for 

the degeneration in function, however this is not yet well defined in relation to age-related 

damage. Age-related degenerative changes can occur in the organ of Corti, stria vascularis, 

auditory nerve and basilar membrane. There is also potential for age-related changes in the 

central auditory system. Assessing central auditory deficits is not possible with routine 

audiometric testing such as PTA and TEOAE.   

Other measures of hearing function that should be considered for future work are speech testing, 

and electrophysiological measures such as Auditory Brainstem Response (ABR) and Cortical 

evoked response audiometry (ERA). Speech testing is a test of functional hearing and gives a 

speech-recognition threshold, which is a level or signal-to-noise ratio at which the listener can 

identify and repeat 50% of words. Speech discrimination is affected by both cochlear loss and by 

certain auditory processing disorders517, so speech recognition threshold is sensitive to deficits 

other than threshold elevation.  It has been shown that noise exposure, ageing and ototoxic drugs 

can destroy synapses between cochlear nerve fibres and their hair cell targets, even when hair 

cells and thresholds recover210,211,518-520. 

Until this type of synaptopathy becomes extreme, behavioural thresholds would not be seen to 

be elevated521, because the most vulnerable cochlear neurons to ageing and noise, do not 

contribute to threshold detection in quiet522,523. With high thresholds and low spontaneous rates, 

these neurons are important in deciphering transient stimuli in the presence of background 
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noise522,523. The loss of these neurons could be a major contributor for those who experience 

difficulty hearing speech in noise519,524-526. In the human ageing ear, the rate of cochlear neural 

loss is more significant than the rate of sensory cell loss527,528. Measurements of auditory evoked 

potentials include a contribution from the cochlear regions tuned to the extended high 

frequencies which are not assessed by standard PTA. Therefore, auditory evoked potentials can 

detect changes in neural amplitudes in subjects with normal standard-frequency thresholds which 

could be due to neural damage throughout the cochlea or to hair cell damage at the basal end of 

the cochlea.  

In our study, we have seen those that are inflammaged have high neopterin volatility. It is 

believed that people with ongoing inflammaging are prone to have repeated episodes of 

inflammation. Initially, inflammatory episodes may fully resolve, however with the progression of 

inflammaging, full resolution of inflammation becomes less likely and inflammatory markers may 

remain elevated for longer. Initially, the body reacts to inflammation to bring the body back to 

homeostasis; however, prolonged periods of inflammation cause maladaptive processes such as 

changes in homeostatic set points and tissue injury231. Therefore, it is important to know how 

often inflammatory state is raised in individuals, by using neopterin volatility rather than mean 

neopterin level. Regular monitoring highlights the frequency of raised inflammation, as well as 

how long it takes to resolve, therefore, recognising good resolvers and poor resolvers. Neopterin 

volatility, however, does not distinguish between those who have frequent inflammatory 

episodes and those who had prolonged resolution of inflammation.  

Our study demonstrates serial measurements of neopterin in urine, which allows neopterin 

volatility to be assessed. This better identified those with chronic systemic inflammation than any 

single time-point measures. When participants were grouped according to their neopterin 

volatility, similar trends were seen with the other measured inflammatory markers.  

This work also demonstrates that high neopterin volatility is associated with increased risk and co-

occurrence of chronic age-related conditions as well as hearing loss, such as cardiovascular 

disease and type 2 diabetes. This is strong evidence for these individuals being inflammaged, as 

their consistently elevated inflammatory baseline would seemingly be affecting multiple systems 

in the body. Inflammaging is a predictor of frailty32,159, those who are at increased risk of 

vulnerability to disease, disability and death. The frailty index is another biomarker that could be 

used to assess inflammaging; it is the ratio of the deficits present in a person, to the number of 

deficits evaluated251. The frailty index has been used in many epidemiological and clinical studies. 

Another functional indicator of frailty is hand-grip strength (HGS) which has been shown to be 

associated with inflammatory biomarkers258.  
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Factors driving inflammaging are not inevitable, and there is evidence to suggest that lifestyle 

changes such as diet and exercise, can reduce inflammation and halt or reduce inflammaging529. 

Biomarkers of healthy ageing would be useful as outcome measures in trials of interventions 

designed to extend healthspan.  

Healthy eating patterns are associated with lower circulating concentrations of inflammatory 

markers, including CRP and several cytokines530,531. Subjects with greater adherence to a 

Mediterranean diet had 17% lower IL-6 and 20% lower CRP concentrations than those with the 

poorest adherence to the diet532. Among the components of a healthy diet, higher intake of whole 

grains, vegetables and fruits, nuts and fish, are all associated with lower inflammation530.  

Regular physical activity in older adults has been associated with lower levels of pro-inflammatory 

cytokines such as IL-6, TNF-α533, improved neutrophil chemotaxis534, increased T-cell 

proliferation535 and improved vaccination responses536. There is also evidence that physically 

active older adults have fewer infections537. A study has looked at older non-elite cyclists 

compared to their sedentary counterparts. There was evidence that the cyclists showed reduced 

decline in thymic output, inflammaging, and increased Th17 cell responses, although the 

accumulation of senescent T cells still occurred278.  The non-elite cyclists also had evidence of a 

thymoprotective environment due to high serum levels of IL-7 and IL-15 and low IL-6538, which 

also help to maintain naïve T cells in the periphery539. 

However, prolonged exhaustive exercise is actually associated with increased stress hormones 

and impaired immune responses, but moderate exercise has been shown to have immune-

modulatory effects540,541. A comparative study of individuals undertaking an aerobic exercise 

regime, with those undertaking a flexibility/strength regime, has shown immunological benefits in 

the aerobic exercise group only542. In a murine study on male C57Bl/6J mice, the effect of life-time 

exercise on longevity and health parameters was investigated. Life-long exercise (spontaneous 

wheel running), did not prolong longevity but did prevent several signs of frailty, and therefore 

concluded that exercise is an intervention that increases healthspan by delaying age-associated 

frailty529. 

Inconsistencies in the literature regarding the immunological response to exercise may be due to 

lack of consistency in methods of physical activity evaluation and the exercise regime used. Other 

inconsistencies may be due to the lack of considering potential confounders, such as nutritional 

state, depressive symptoms, gender, or consumption habits, all of which could influence the 

results. The mechanisms by which physical activity may reduce inflammation need to be better 

understood543.  However, there is definite evidence that maintained physical activity from middle 

into older age, can protect against many aspects of immune ageing.  
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 Pharmacological interventions are also worth consideration. Many elderly individuals use lipid-

lowering drugs, such as statins, because atherosclerosis and the risk of cardiovascular diseases 

increase with age. The cohort in this study had 37.8% diagnosed with hypertension and 13.3% 

diagnosed with other cardiovascular disease and 35.6 % using statins. As well as lipid-lowering 

effects, statins have been shown to reduce cardiovascular risk by improving endothelial function, 

maintain plaque stability and reducing the inflammatory response. Statins have been shown to 

reduce CRP levels by almost 17%320. In a large-scale population study, those who had never used 

statins were three times as likely to develop age-related hearing loss, compared to those who 

used statins5. The results of this study, do not show this same relationship, although on entering 

the study, half of those in the lowest neopterin volatility group were prescribed statins, but no 

overall conclusion can be drawn. 

Other studies have evaluated the use of statins as otoprotectants. Simvastatin has been shown to 

reduce gentamicin-induced outer hair cell loss in rat cochlear cultures544. In a mouse model of 

presbycusis, atorvastatin has been shown to preserve outer hair cell function545. Pravastatin and 

Fluvastatin have been shown to reduce noise-induced hearing loss and hair cell death546,547. A 

further recent study has demonstrated that lovastatin reduces cisplatin-induced hearing loss in 

adult mice548.    

Another drug of interest is Aspirin, a non-steroidal anti-inflammatory drug (NSAID). Aspirin has 

been tested for pro-longevity in genetically heterogenous mice549, but a positive result was only 

seen in male mice550. It was suggested that the lack of effect in female mice was due to 

differences in drug disposition and metabolism. The ASPREE-HEARING study is investigating the 

potential therapeutic benefits of low-dose aspirin on ARHL. This large Australian-based clinical 

trial is targeting 1262 individuals age 70 years old or older, but is still currently in progress305. This 

trial provides huge potential for an incredibly inexpensive yet feasible treatment option for 

preventing or reducing ARHL.  

Other limitations of note in this study are the small cohort size and the ratio of males to females. 

A sample size of 45 is rather small; however, findings are similar to those seen in studies on much 

larger populations. As a pilot study, this work provides evidence for long-term neopterin volatility 

as a measurement of inflammaging. Future work will involve a study of increased duration, on a 

large multi-centre population. This study had a disproportionate number of females to males, and 

this will be better controlled in future work as males are known to have poorer hearing than 

females323, particularly at high-frequencies. Additionally, progression of hearing loss has been 

shown to be greater in males551. This is often attributed to males being exposed to greater noise 

through occupational and lifestyle differences552, but studies have shown that when the effect of 
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noise exposure is eliminated, the incidence and progression of hearing loss in males remained 

higher323,551. A theory for this is that female hormones play a protective role as there is evidence 

of oestrogen receptors in the cochlea553,554.       

There are also several differences in the immunological response of males and females, most 

likely because women are known to produce more robust humoral and cellular immune 

responses. However, the reason for the gender disparity in immunosenescence is still a matter of 

discussion555.  

 

5.2 SERS-based neopterin measurement at point-of-care 

If the current global pandemic can teach us anything, it is that lab-based diagnostic testing such as 

PCR, is not suitable for mass testing, and point-of-care diagnostics are not yet sufficiently 

developed. A major focus of SERS research is the development of novel and highly active SERS 

substrates. Whilst many are aiming to achieve the highest possible enhancement factors and 

lowest limits of detection, it is also vitally important to develop substrates which are simple to 

use, cheap, and suitable for point-of-care testing.  

As most have the aim of high enhancement, reproducibility and low detection limits, many have 

developed approaches integrating SERS with microfluidic devices370,460,556-558. These devices have 

shown promising results; however, they still utilise polymer and plastic devices that are complex 

to produce and add cost. Utilising paper-based devices for chromatographic separation with 

inkjet-printed nanoparticles has been extensively demonstrated114,136,464,471,473,480,481,493,494,559-563 

and brilliant results observed. A limitation of using printed silver and gold nanoparticles is the 

shelf-life. Silver and gold nanoparticles are prone to oxidation and become unstable if exposed for 

too long. Therefore, most of these devices have a limited shelf-life of a few days to weeks. 

Commercially available substrates have superior shelf lives, although still limited. Currently, 

commercially available substrates cost in the range of £6 to £40 per test, due to the cost of the 

manufacturing process and even these do not report the best reproducibility for quantitative 

measurements.  

Enhancement factor (EF) and the limit of detection (LOD) are widely used to promote the 

usefulness of SERS substrates. However, in the arena of point-of-care devices for quantitation of 

clinical markers, these parameters are fairly irrelevant. Devices suitable for POC are required to be 

simple and cheap, SERS substrates that offer the largest enhancements and lowest LOD, are 

largely those with complex manufacturing, and although devices such as microfluidics are 
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promoted as POC suitable, in reality, they are not. More recent recommendations for devices that 

are suitable for this type of use is to focus on whether they can actually accurately quantify the 

samples they have been designed for. Can the substrate measure the concertation of a clinically 

relevant biomarker in the region of its physiological concentration, whilst keeping the device as 

cheap and easy to use as possible390? There are also multiple ways of measuring LOD and LOQ, 

some of which are slightly subjective; therefore, some of the extremely low reported values, 

could be questioned. If these types of measurements are to be used in the SERS community, then 

there needs to be a consensus on the approach, and it needs to be as objective as possible.  

Paper chromatography is a well-established quick, easy and inexpensive way to separate and 

analyse components in a mixture. Just like other chromatography techniques, the principle of the 

separation is based on the different affinity of analytes for the stationary phase and the solubility 

of the analytes in the mobile phase. This research demonstrates that paper SERS substrates can 

be used to chromatographically separate a target from a complex matrix without the need for 

additional sample clean-up steps. Compared to traditional analytical techniques such as high-

performance liquid chromatography (HPLC) and mass spectrometry (MS), paper SERS 

chromatography detects the presence of target analytes without any sample processing whilst 

eliminating complicated and laborious sample clean up and analyte extraction steps. In addition, 

unlike other SERS techniques for multi-analyte detection, the analytes can be well separated in 

the chromatogram, eliminating the need for multivariate analysis of the SERS spectra. 

We have demonstrated that the SERS sensors have a shelf-life of at least one month, and most 

likely longer. We did not assess the long-term stability of the sensors on the paper devices, as 

they were always made fresh for use. Silver and gold nanoparticles are liable to oxidation and 

others have shown that the SERS active life-time for paper SERS substrates can vary from days (for 

silver) to weeks (for gold), depending on storage conditions such as humidity, temperature and 

oxygen concentration479. The use of foil packs with humectants and oxygen scavengers could be 

used to control and improve the storage conditions. 

Control of hotspot formation between the nanoparticles (rather than between the layers) could 

be further controlled by using molecules that link, space, or cap the nanoparticles. Formation of 

nanoparticle dimers and clusters have been demonstrated using different linker molecules564-566. 

The spacing between nanoparticles can be controlled, with differing sized linker molecules, 

depending on the size of the analyte of interest, therefore acting as a sieve to other molecules.  

SERS detection relies on the adsorption of the analyte onto the nanoparticles. This relies on the 

analyte having an affinity for the nanoparticle surface as well as there being little competitive 

adsorption with competing molecules. Also, because of the large number of different chemical 
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bonds within biological molecules, and the random orientation of molecules, it can make 

identification exceptionally difficult. One way of overcoming this obstacle is to employ the use of 

labelled biorecognition elements such as antibodies, enzymes and aptamers. This allows for the 

generation of a specific signal upon binding, which enables the detection of target biomolecules. 

Nucleic acid aptamers can specifically capture biological analytes502,567-570. The binding affinity of 

aptamers for their targets is comparable and can even be better than antibodies, and are not just 

limited to protein targets571-573. Once identified by the Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX) process574, nucleic acid sequences can be synthesised very simply 

in a short time period, and on a large scale in a test tube, using basic nucleic acid components. 

Aptamers are also much more resistant to degradation compared to antibodies and enzymes and 

can be made to bind to targets under diverse conditions. By using multiple aptamers with affinity 

for different antigen targets, it is possible to detect multiple analytes within a single assay.  

Another concern with using a SERS technique to quantify neopterin, is the stability of neopterin 

itself. The urine samples that were used in this study had been stored at -20°C for several years 

and would have been subjected to some freeze-thaw cycles by nature of being used by different 

researchers over the study duration. Such handling of the samples may have affected the 

neopterin concentration within the samples. Stability experiments on urine samples from 

primates have considered the changes in urinary neopterin levels to multiple freeze-thaw cycles, 

extended exposure to room temperature, extended storage, and exposure to light247. Urine 

samples were stored at -20°C for 2 years, and overall urinary neopterin levels remained the same 

after 2 years. Neopterin levels in urine increased with the number of freeze-thaw cycles they were 

subjected to. Neopterin levels in human serum, have also been found to be affected by frequent 

thawing cycles, and in macaques, urinary neopterin significantly increased after three freeze-thaw 

cycles575. For future work, freeze-thaw of samples should be avoided. If it is necessary to freeze 

and thaw samples, then all samples must be subjected to the same number of cycles, if the values 

within the samples are to be compared.  Keeping urine samples at room temperature for 24-48 

hours, showed a decrease initially, but then an increase in urinary neopterin levels247. Therefore, 

it is recommended that samples should be frozen promptly after collection. It has also been 

shown that sunlight significantly degrades neopterin levels576,577; however, artificial light does 

not247. In another study, urinary neopterin was found to be remarkably stable over time. 

However, rises in creatinine indexed urinary neopterin were detected due to degradation of the 

creatinine575, and it has been suggested that urinary neopterin concentrations should be indexed 

for specific gravity instead of creatinine578.   
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5.3 Clinical Implications and Future Work 

Healthcare is moving towards predictive, preventative and personalised medicine. This will 

provide treatment of health conditions that are tailored to an individual’s specific need. 

Techniques and technologies which allow the profiling of individuals at the molecular level are 

what is needed. Based on the results of this work, it is entirely feasible that those identified to be 

at greater risk of age-related hearing loss, or at greater risk of progression of age-related hearing 

loss, could be treated more holistically than just being provided with amplification. For middle-

aged individuals, knowing their risk category would allow them to make significant lifestyle 

changes, which could alter, or reduce, their risk of developing an age-related condition in the 

future. For older adults already diagnosed with one (or more) conditions linked to inflammaging, 

they would have the chance to reduce the risk of progression of disease. As there is no current 

disease altering management for age-related hearing loss, research into interventions that reduce 

inflammaging, with potential to reduce the progression of hearing loss, would be revolutionary.  

The inflammaging and hearing loss study presented here is useful pilot evidence for a much larger 

study. Future work should involve a large scale, multi-centre, population study, of minimum 5-

year duration. The study would further investigate the effect of systemic inflammation on the 

progression of age-related hearing loss, incorporating additional measures of both hearing and 

inflammaging. Such a study would also allow investigation of intervention measures, such as diet, 

exercise and pharmacology.  

Further work into developing a point-of-care test for urinary neopterin will involve additional 

development of the SERS paper chromatography, to optimise further for neopterin and creatinine 

quantification. Work on developing an actual device with an encasement, that functions with a 

handheld Raman spectrometer would be necessary in the immediate future. The device would 

then need to undergo stringent validation and quality assurance measurements before potentially 

being taken to market.  

5.4 Conclusions 

The body of work of this thesis has provided evidence for the necessity for point-of-care testing of 

neopterin volatility and has outlined how best this might be achieved using the method of 

Surface-enhanced Raman spectroscopy. The novel contributions to the scientific community are: 

• Neopterin volatility, measured from serial monthly urine samples, is a good measure of 

inflammaging and allows individual’s risk category to be predicted. 
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• High neopterin volatility is associated with increased risk and co-occurrence of chronic 

age-related conditions, as well as specifically being associated with greater progression of 

high-frequency hearing loss.  

• Surface-enhanced Raman spectroscopy using our colloidal SERS sensors has 

demonstrated the quantitative measurement of neopterin and creatinine in urine 

samples, with improved enhancement and reproducibility over colloidal gold 

nanoparticles. This provides evidence for the feasibility of using SERS for point-of-care 

testing, due to its fast and sensitive data acquisition, using samples that do not require 

sample preparation and without the need for multivariate analysis. 

• Although the use of paper chromatography with SERS has previously been demonstrated, 

this is the first demonstration of our colloidal SERS sensors being incorporated into a 

paper chromatography device.  

• The use of paper chromatography SERS to separate and quantify neopterin and creatinine 

has been demonstrated, which validates the use of this technique for potential point-of-

care monitoring of urinary neopterin.
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Appendix A InflamHear Subject Questionnaire 

 

  

Version 1 

Date: 4/07/2013 

PARTICIPANT INFORMATION SHEET 

Project Title: THE EFFECT OF INFLAMMATION ON THE PROGRESSION OF AGE-RELATED HEARING 
LOSS 

InflamHear 

Questionnaire 

Please tick the answer that best describes your situation 

DEMOGRAPHICS 

Identification number: ……………. 

Age: ……………. 

Gender: ………… 

Have you lived most of your adult life in the city or rural setting? 

              City                  Rural 

What is/was your principal occupation? …………………… 

HEARING (without wearing hearing aids) 

a. Do you find it difficult to follow a conversation if there is background noise? For example 
children playing, TV or radio on? 
 

Yes                      No   

 

b. How well can you follow a conversation with one other person when there is no 
background noise? 
 

1. Not at all 
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2. With great difficulty 
3. With moderate difficulty 
4. With slight difficulty 
5. With no difficulty 

 

c. How well can you follow a conversation in a noisy location such as a shop, restaurant or 
busy street? 
 

1. Not at all 
2. With great difficulty 
3. With moderate difficulty 
4. With slight difficulty 
5. With no difficulty 
 

d. How long altogether have you worked in noisy places where you had to shout to be heard? 
1. Never 
2. For less than 6 months 
3. For 6 to 11 months 
4. For 1 to 5 years 
5. For more than 5 years 

 

e. During your lifetime have you fired more than a total of 10 rounds from a shotgun or 
military rifle (not counting a .22 rifle)? 

              Yes                     No 

f. Do you get noises in your head or ears such as ringing, buzzing or whistling, that usually 
lasts for more than 5 minutes and occurs not only after loud sounds? 
 

Yes                     No  

 

g. Did any of your close relatives (parents, siblings, grandparents, children) have difficulty 
with their hearing before age 65 years? 
 

Yes                       No                       Unsure 

 

h. Did you suffer from ear infections as a child? 
 

Yes                       No                      Unsure 

 

i. Do you use or have you been prescribed a hearing aid? 

Yes                       No 
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LIFESTYLE 

j. Have you ever smoked regularly (i.e. at least once a day for a year or more)? 

Yes                       No               

k. If you no longer smoke, did you give it up before the age of 40? 
 

Yes                       No 

 

MEDICAL 

l. Have you been ever prescribed medication for high blood pressure? 
 

Yes                 No 

 

m. Have you ever been prescribed Statins? 
 

Yes                 No    

 

n. Have you ever been told by a doctor that you have heart failure? 
 

Yes                 No 

 

o. Have you ever been told by a doctor that you have problems with your heart valves? 
 

       Yes                 No 

 

p. Have you ever had a heart attack or angina? 

 Yes                 No 

q. Have you been ever had a stroke? 
  

  Yes                No 

r. Do you have diabetes? 
  Yes                 No 
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Appendix B InflamHear Subject Questionnaire Results 

Tables 

Characteristic Baseline Study End 

Number Percentage (%) Number Percentage (%) 

Smoking 

No 

Yes 

 

28 

17 

 

62.2 

37.8 

 

25 

20 

 

55.6 

44.4 

Gave up before age 40 

Yes 

No 

 

8 

9 

 

47.1 

52.9 

 

7 

13 

 

65 

35 

One or more chronic disease 18 40 22 48.9 

Hypertension 

No 

Yes 

 

28 

17 

 

62.2 

37.8 

 

24 

21 

 

53.3 

46.7 

Heart disease 

No 

Yes 

 

39 

6 

 

86.7 

13.3 

 

38 

7 

 

84.4 

15.6 

Stroke 

No 

Yes 

 

45 

0 

 

100 

0 

 

44 

1 

 

97.8 

2.2 

Diabetes 

No 

Yes 

 

44 

1 

 

97.8 

2.2 

 

43 

2 

 

95.6 

4.4 

Statin use 

No 

Yes 

 

29 

16 

 

64.4 

35.6 

 

29 

16 

 

64.4 

35.6 
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Characteristic Baseline Study End 

 Number Percentage (%) Number Percentage (%) 

Difficulty hearing in quiet 

No difficulty 

Slight difficulty 

Moderate difficulty 

Great difficulty 

 

34 

7 

4 

0 

 

75.6 

15.6 

8.9 

0 

 

29 

10 

5 

1 

 

64.4 

22.2 

11.1 

2.2 

Difficulty hearing in noise 

No difficulty 

Slight difficulty 

Moderate difficulty 

Great difficulty 

 

8 

18 

14 

5 

 

17.8 

40.0 

31.1 

11.1 

 

8 

18 

14 

5 

 

17.8 

40.0 

31.1 

11.1 

History of noise exposure 

No 

Yes 

 

35 

10 

 

77.8 

22.2 

 

34 

11 

 

75.6 

24.4 

Hearing aids prescribed 

No 

Yes 

 

36 

9 

 

80.0 

20.0 

 

32 

13 

 

71.1 

28.9 

Tinnitus 

No 

Yes 

 

30 

15 

 

66.7 

33.3 

 

30 

15 

 

66.7 

33.3 

Recurrent ear infections 

No 

Yes 

Unsure 

 

28 

11 

6 

 

62.2 

24.4 

13.3 

 

29 

13 

3 

 

64.4 

28.9 

6.7 

Family history of hearing loss 

No 

Yes 

Unsure 

 

23 

15 

7 

 

51.1 

33.3 

15.6 

 

20 

15 

10 

 

44.4 

33.3 

22.2 
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Appendix C Assessing normality of InflamHear Data 

C.1 Example Variable- Neopterin Mean 

 

 

 
Tests of Normality 

 
Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 
NeoMea
n 

.098 45 .200* .950 45 .050 

*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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C.2 Example Variables- PTA Average, High Frequency Average and Low 

Frequency Average  
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Tests of Normality 

 
Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 
PTA_Av_WE
_1 

.103 45 .200* .951 45 .055 

LFA_WE_1 .113 45 .184 .959 45 .108 
HFA_WE_1 .120 45 .109 .975 45 .449 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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Appendix D Example of SERS spectra pre-processing 

 

 Neopterin Urine 

Data Set 

  

Background 

subtraction 

  

Denoising 
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Averaging 
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Appendix E Example of curve fitting SERS spectra 

Neopterin Sample A 

 

After curve fitting: Peak height at 687.568 cm-1 is 211.908 and 753.103 cm-1 is 486.529. Peak ratio 

height is 0.4355506. Interpolation from the standard curve gives a concentration of 41.907µM.  
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Neopterin spiked artificial urine C 

 

After curve fitting: Peak height at 679.833 cm-1 is 157.722 and 744.864 cm-1 is 400.365. Peak ratio 

height is 0.39394552. Interpolation from the standard curve gives a concentration of 35.526µM. 

Neopterin/Creatinine Mix A 
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After curve fitting: Peak height at 683.281 cm-1 is 98.1302 and 752.535 cm-1 is 403.984. Peak ratio 

is 0.24290615. Interpolation from the standard curve gives a concentration of 17.050 µM. 
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Appendix F Batch to batch reproducibility SERS spectra 

One-month old batch 

Unprocessed SERS spectra 

 

Baseline corrected and denoised 
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Batch A 

Unprocessed SERS spectra 

 

Baseline corrected and denoised 
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Batch B 

Unprocessed SERS spectra 

 

Baseline corrected and denoised 
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Colloid 

Unprocessed SERS spectra 

 

Baseline corrected and denoised 
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Appendix G Neopterin and Creatinine standard curves 

HPLC 

Neopterin in synthetic urine 

 

Straight line 
 

Best-fit values 
 

YIntercept -380037 

Slope 185853 

95% CI (profile likelihood) 
 

YIntercept -759108 to -965.7 

Slope 180402 to 191305 

Goodness of Fit 
 

Degrees of Freedom 20 

R squared 0.9961 

Sum of Squares 10809602653379 

Sy.x 735174 
  

Number of points 
 

# of X values 36 

# Y values analyzed 22 
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Creatinine in synthetic urine 

 

 

Straight line 
 

Best-fit values 
 

YIntercept 2613049 

Slope 28466 

95% CI (profile likelihood) 
 

YIntercept -39704 to 5265802 

Slope 28175 to 28756 

Goodness of Fit 
 

Degrees of Freedom 28 

R squared 0.9993 

Sum of Squares 1.002e+015 

Sy.x 5983378 
  

Number of points 
 

# of X values 36 

# Y values analyzed 30 

  

SERS 
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Neopterin 

 

One-phase association 
 

Best-fit values 
 

Y0 1.770 

Plateau 9.519 

K 0.02780 

Tau 35.97 

Half-time 24.93 

Span 7.750 

95% CI (profile likelihood) 
 

Y0 1.317 to 2.217 

Plateau 9.079 to 10.01 

K 0.02219 to 0.03473 

Tau 28.79 to 45.07 

Half-time 19.96 to 31.24 

Goodness of Fit 
 

Degrees of Freedom 6 

R squared 0.9946 

Sum of Squares 0.4364 
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Sy.x 0.2697 

Constraints 
 

K K > 0 
  

Number of points 
 

# of X values 9 

# Y values analyzed 9 

 

Creatinine 

 

Line 
 

Best-fit values 
 

YIntercept 1.233 

Slope 8.938e-005 

95% CI (profile likelihood) 
 

YIntercept 1.132 to 1.335 

Slope 7.895e-005 to 9.981e-005 

Goodness of Fit 
 

Degrees of Freedom 57 

R squared 0.8378 
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Sum of Squares 6.001 

Sy.x 0.3245 
  

Number of points 
 

# of X values 59 

# Y values analyzed 59 
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Appendix H Synthetic Urine spectra and chromatograms 

 HPLC SERS 

A 

Neopterin 

(SERS 

triplicate) 
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A 

Creatinine 

(SERS 

triplicate) 

  

B 

Neopterin 
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B 

Creatinine 

 

 

C 

Neopterin 
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C 

Creatinine 

 

 

D 

Neopterin 
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D 

Creatinine 

 

 

E 

Neopterin 
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E 

Creatinine 

 

 

F 

Neopterin 
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F 

Creatinine 
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Appendix I Real Urine spectra and chromatograms 

 HPLC SERS 

0207 

Neopterin 

 

 

0207 

Creatinine 
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0309 

Neopterin 

 

 

0309 

Creatinine 
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0355 

Neopterin 

(SERS in 

triplicate) 
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0355 

Creatinine 

(SERS in 

triplicate) 
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0458 

Neopterin 

 

 

0458 

Creatinine 

 

 



 

194 

0518 

Neopterin 

 

 

0518 

Creatinine 
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0549 

Neopterin 

 

 

0549 

Creatinine 

 

 



 

196 

0577 

Neopterin 

(SERS in 

triplicate) 
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0577 

Creatinine 

(SERS in 

triplicate) 
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03510 

Neopterin 

(SERS in 

triplicate) 
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03510 

Creatinine 

(SERS in 

triplicate) 
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04810 

Neopterin 

 

 

04810 

Creatinine 
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05412 

Neopterin 

 

 

05412 

Creatinine 

 

 



 

202 

05711 

Neopterin 

(SERS in 

triplicate) 
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05711 

Creatinine 

(SERS in 

triplicate) 
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05712 

Neopterin 

(SERS in 

triplicate) 
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05712 

Creatinine 

(SERS in 

triplicate) 
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